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Abstract 
 
 
The LD UV-VIS spectra of Emodin (1,3,8-trihydroxy-6-methyl 
anthraquinone) in stretched PE and PVA have been recorded and analysed. 
Orientation factor of the observed electronic transition were determined through 
stepwise reduction. The electronic transition moment direction of observed 
transition is determined by the assumption of molecule has Cs symmetry. The 
observed electronic transition moment directions belong to the “long” and “short” 
molecular symmetry axes. This information leads to the conclusion that Emodin 
still remembers the exited states of parent molecule, Chrysazin. When changing 
from PE solvent to PVA solvent, almost electronic transitions have small red shift 
by 200 – 500 cm-1, except a strong band at 44500 cm-1 don’t move anymore, the 
electronic transition moment directions of observed transitions still remain. 
The LD UV-VIS spectra of Emodin anion in stretched PVA also have been 
recorded and analysed. The electronic transitions of anion are completely different 
the electronic transitions of neutral molecule because of redistribution of negative 
charge. The observed electronic transition moment directions do not belong to the 
“long” and “short” molecular symmetry axes. 
The TD-DFT calculation, B3LYP/6-31G+(d,p)//B3LYP/6-31G(d,p), has a 
good agreement to the assignment of observed transitions in both transitions and 
its moment directions. 
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I. Introduction 
 
Anthraquinone-derivatives extracted from different plant sources have been 
widely used since ancient times due to their laxative and cathartic properties. 
Recently, these classes of compounds have shown a wide variety of pharmacological 
activities such as anti-inflammatory, wound, healing, analgesic, antipyretic, 
antimicrobial and antitumor activities [1]. 
Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is an active herbal 
component of Polygonum cuspidatum, traditionally used in China for treatment of 
skin burns, gallstone, hepatitis, inflammation and osteomyelitis. Emodin is known to 
have antimicrobial, antiviral, anti-inflammatory, antioxidant, immunosuppressive, 
antiulcerogenic, antifungal, chemopreventive and anticancer activities [2,3,4]. 
Anticancer is a typical activity of Emodin. In a recent research, Emodin has 
developmental toxicity in rats and mice [5]. 
Emodin also is used to synthesize some Emodin derivatives whose biological 
activities are under investigation [6]. 
Although Emodin has several pharmacological activities, researches on its 
electronic structure information are not much, Emodin also has not been thoroughly 
investigated by spectroscopy methods. 
The Near Infrared Surface-Enhanced Raman (SER) and UV-VIS spectra of 
Emodin in aqueous silver colloids were studied in 1997 by S. Sanchez-Cortes; the 
result suggested that Emodin aggregates by molecular stacking in water + DMSO 
(4%) solution [7]. 
The Raman and Infrared spectra of Emodin was studied in 2003 by Howell 
G.M. Edwards when he investigated Parietin (1,8-dihydroxy-3-methoxy-6-methyl 
anthraquinone) extracted from Xanthoria lichen species. Spectra of Emodin were used 
to compare with spectra of Parietin [8]. 
But no detailed and direct investigations of the electronic transitions of Emodin 
seem to have been published. The purpose of the present project is to perform an 
experimental and theoretical investigation of the UV-VIS absorption spectrum of the 
compound. The experimental investigation will concentrate on the application of 
Linear Dichroism (LD) spectroscopy on molecular samples partially oriented in 
stretched polymer matrices, i.e., polyvinylalcohol (PVA) and polyethylene (PE) 
[9,10]. To support the experimental work and to help in the assignment of the 
observed transitions, quantum chemical calculations will be performed. 
Beside, the LD UV-VIS absorption spectrum of Emodin anion (the first 
deprotonated anion) also is investigated. We hope that LD spectra of Emodin anion 
are interesting information since there are not much LD data of other compounds now. 
LD spectroscopy provides precise information on transition moment directions 
that are of importance in optical studies of drug-substrate interactions [11,12]. LD 
spectroscopic studies of several related compounds have previously been published by 
the Roskilde group (E. W. Thulstrup, J. Spanget-Larsen, et al.), including for example, 
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Quinizarin (1,4-dihydroxy-9,10-anthraquinone) [13,14], Chrysazin (1,8-dihydroxy-
9,10-anthraquinone) [15], and Anthralin (1,8-dihydroxy-9(10H)-anthracenone) [16].  
All of these compounds are characterized by the presence of strong intramolecular 
hydrogen bonds. However, Emodin is interesting in that it has an additional “free” 
hydroxyl group, a structural element that is likely to influence its spectroscopic 
properties.    
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Figure 1: Emodin and related compounds 
 
 The aim of the project:  
- Analysis of the electronic states of Emodin and its anion by Linear Dichroism 
UV-VIS spectroscopy to determine the transition moment direction of the 
observed electronic transitions. 
- Quantum theoretical calculations to support the experimental result. 
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II. Theory 
 
 
II.1. Linearly polarized light 
According to the wave theory, light is an electromagnetic radiation which 
contains both an oscillating electric field of strength E and an oscillating magnetic 
field of strength B. These oscillating fields are at right angles to each other and travel 
along the direction of propagation of the light. If the electric field vector of the light 
oscillates only in a plane, the light is linearly polarized (or plane-polarized), see 
Figure 2. 
 
 
 
 
Figure 2:  The electric field and magnetic field  
 of linearly polarized light in light propagation[17] 
 
In 1690, the phenomenon of light polarization was discovered by Christian 
Huygens when he passed light through two calcite crystals in series. Light can be 
polarized when it pass through calcite material, sheet polarizers, prism polarizers or 
iscellaneous polarizers [18]. Pm rism polarizers are the most popular type. 
Prism polarizers are made by bi-refringent materials which cause double 
efraction phenomenon. Bi-refringent materials can produce difference polarization 
orms, such as linear, elliptical and circular. In linearly bi-refringent materials 
, quartz), two refractive indices are observed. One is 
to the unique symmetry axis of the crystal 
served for rays polarized perpendicular to the 
rays). For suitable angles of prism polarizers, depending on 
rism polarizer type, extraordinary rays and ordinary rays will be separated by small 
ngle or one of them will be reflected completely. So the light beam passing prism 
olarizer is linearly polarized. 
 
r
f
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Figure 3: The Glan prism mode, 
the black arrow presents ordinary 
rays, the white arrow presents 
extraordinary rays[18].  
 
rt, we concentrate on light absorbance of molecules. These frequencies 
correspond with the energy separ
lve
 tween two stationary states. The stationary states i and f of a molecule 
can be described by the time-independent wave functions Ψi(q,Q) and Ψf(q,Q); the 
vector q presents the coordinates of all e rons and the vector Q presents the 
ian operator, as given 
by: 
Ĥ Ψ(q,Q)=E Ψ(q,Q) 
When a molecule interacts with electri
be
dipole transition moment o
 
 
 
 
II.2. Interaction of light with atoms and molecules 
Atoms and molecules absorb and emit radiation at certain frequencies. On this 
repo
ation: 
∆E= Ei-Ef=hν 
where ν is  the frequency, h is Planck’s constant, Ei is the energy of initial molecular 
state i and Ef is the energy of final state f. 
According to quantum mechanics, a molecular absorption process must invo  
a transition be
el ct
coordinates of all nuclei. Ei and Ef are eigenvalues of Hamilton
c field of light wave, it will have 
transient oscillations in charge density, which means that there is a charge 
redistribution in molecule. The strength and direction of this interaction can  
described by transition moment vector (electric f thf  
transition) fM
r
: 
fM
r
= ( ) ( )Q,Q, qq if ΨΨ µr  
where µr  is the electric dipole moment operator. µr  is defined by 
∑
=
is t e us ,  is the 
number of electrons, N is the nu  n  s 
is the position vector of  nucleus. 
According to the Franck-Condon principle, because the nuclei are so much 
massive than the electrons, an electronic transition takes place faster than the nuclei 
= +Σ−=
N
k
kkl
n
l
RZere
11
ˆˆµr                                          (1) 
where e  he charge of the el ctron, kZ  is the atomic number of nucle k n
mber o uclei, rˆ i the position vector of the thlf l  
electron, and k kRˆ th
 
can respond [19]. The second term on expression (1) is omitted. And for an electron 
transition, the first term becomes simpler:  
re ˆ−=µr                                                         (2) 
 The absorption probability (transition probability, absorption intensity) for a 
transition is proportional to the square of the projection of the molecular transition 
moment fM
r
onto the direction εr  of the electric field of the light [9,10]: 
W ∝  | fM
r
|2 .cos2( fM
r
, εr )                                       (3) 
here εr  is unit vector of the electric field vector. w
 
II.3. Linear Dichroism Spectroscopy 
e molecules exhibit unequal absorbance of difference 
linearl
 
 the orientation may be uniaxial, at microscopic 
level. When polymer is uniaxial, anisotropic intermolecular forces will partially orient 
introduced compounds. Some researches show that the stretching of crystalline 
polymers leads to the orientation of crystallites, and the introduced compound is 
oriented near the crystalline region of polymer [20]. The compounds will align in the 
way that its cross sections decrease in stretching direction. In stretched polyethylene, 
even in thin sheets, it is believed that the alignment of solute molecules is uniaxial 
around the stretching direction in the vicinity of th gions of the polymer 
[21]. The degree of orientation of compound depends on how well the polymer aligns, 
 For an assembly of aligned molecules, the absorption of light depends on the 
light polarization because som
y polarized lights. 
 In order to measure linear dichroism spectroscopy, one needs a linearly 
polarized light source and an oriented sample. This spectroscopic technique is simple 
but it is useful for the information of polarization data. It is specially useful in case of 
resolution of overlapping different polarized transitions, and for symmetry 
assignments of molecular transitions. 
II.3.1. Uniaxial samples 
 Uniaxial samples have only one unique direction (unique axis), with respect to 
which the solute molecules are not randomly oriented; all directions perpendicular to 
this direction are equivalent.  
In isotropic samples, all molecular orientations are equally probable, so 
polarization light will show the same absorbance although light absorption in 
molecules is directional. In anisotropic samples, the state of light polarization 
generally changes as the light propagates, making nature of the absorbance 
complicated, but in uniaxial samples light does not change its polarization [9,10]. That 
is why among anisotropic samples, uniaxial symmetry is the case of great interest. 
There are many ways to orient the sample, but the easiest, simplest and least 
expensive way is using stretching polymer to align the sample [9,10]. Many linear 
polymers will be oriented by drawing or pressing at temperature their above glass 
transition temperature. In some case,
e crystalline re
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interaction force between polymer and compound, the shape of compound. The 
interesting compound can be introduced before stretching polymer or after stretching 
polym e result. The detailed experiment technique 
will be presented later in chapter III. 
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un
pr
co
beFigure 4: The model illustrates the 
oriented molecules in anisotropic
solvent at microscopic level. The big 
arrow symbolizes the unique axis.
The small arrows symbolize the 
equivalent of all directions
perpendicular to unique axis. The 
small sticks symbolize the molecules.  
it is desirable to obtain as linearly 
dependent spectra as possible. The best choice is measurement of EU and EV. EU is 
tablished by a light beam whose electric vector is directed along the unique axis of 
e uniaxial sample, the stretching direction of polymer. EV is established by the 
ectric vector is directed perpendicular to the unique axis and in the plane of 
retching sheet [9,10]. 
 
 
 
 
 
 
 
 In Linear Dichroism measurement, 
 
 
 
 
 
 
 
 
Figure 5: Polarization coordinate system relative to the sample 
EU Stretching 
direction 
U
 
EW can not be recorded when we shot the light along the sample width. But, in 
iaxial sample, all directions perpendicular to unique axis are equivalent, and 
ovide that EW has the same number of molecules in the light path as EV, 
nsequently: 
EW=EV                                                        (4) 
Stretching polymer has different optical properties in different directions 
cause it is anisotropic. It also scatters and absorbs the light source itself. EU and EV 
W 
EW
V    EV
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values (spectra of compound) should be baseline-corrected by subtracting, for each 
polarization direction, the absorbance spectrum of reference [22]. If EU and EV are 
different, the sample is said to exhibit Linear Dichroism. These spectra can be 
described by following expressions: 
)~(,(cos)~( 2 νν ffU AUME
f
∑= rr  
)~(),(cos)~( νν f
f
fV AVME
rr∑= 2  
)~(),(cos)~()~( 2 ννν f
f
fVW AWMEE ∑== rr  
where fM
r
 is f th transition moment vector; U, V, W are the laboratory coordinate 
(some books use Z, X, Y). The sums run over f, which describes transitions 
 (all observable transition moments). )~(νfAcontributing to the spectrum is defined as 
m transition to the absorbance that would be measured 
on an 
tal f
then Eiso reflects  the spectra of the compound in isotropic solvent because 
Eiso=(1/3)
three times the contribution fro
unaligned sample of the same compound and same amount of compound in the 
light path.  
If we call Eiso is the to  o  three values EU , EV , EW ,  
Eiso= EU + EV + EW = EU +2EV
)~(νfA . This information is very useful to confirm that the spectra of the 
iso curve to the 
 next part of this project, the 
spectra of compound in stretching polym the impurity in 
ientation factors 
According to expression (3), a certain molecule contributes to the total fth 
compound in stretched polymer are correct when one compares E
spectra of compound in liquid solvent. As we will see in
er can be disturbed by 
polymer or the influence of environment while preparing the sample. 
 
II.3.2. Or
transition absorption of light polarized along ωr  (ω =Ur , r Vr  or Wr ) an amount 
proportional to | |  .cosfM
r 2 2 r( fM ,ωr ). Because molecules orient relatively to the U 
direction, we take an average over all molecules in the sa le under th
s: 
e fth transition mp
observation, this contribution become
),
r
(cos2
2 ωrr ff MM  
Under the same argument of equation (4), we also have: 
),(cos),(cos 22 VMWM ff
rrrr =                                   (5) 
Obviously, the sum square of direction cosines of any vector in Cartesians coordinate 
is unity: 
1),(cos),(cos),(cos 222 =++ WMVMUM fff
rrrrrr
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Therefore the sum of three average values ),(cos2 ωfM also equal unity: 
       1),(cos),(cos),(cos 222 =++ WMVMUM fff
rrrrrr
                  (6) 
From equation (5) and (6), we have: 
),(cos21),(cos21),(cos 222 WMVMUM fff
rrrrrr −=−=  
This means that the average alignment of fM
r
  can be determined by a single 
parameter. That is the orientation factor, Kf , which is defined by the average cosine 
square of the angle between the particular transition moment Mf and the stretching 
direction of polymer, 
),(cos 2 UMK ff
rr=                                                       (7) 
The orientation factor Kf, which is determined from experimental data, only 
provides information on the alignment of fM
r
 with respect to U
r
direction, but say 
nothing separately about the alignment of fM
r
within the molecular axes (molecular 
framework), nor the orientation of the molecular axes to U
r
. Except in some special 
case, such as molecular with high symmetry, fM
r
 only has small ability to orient to 
molecular axis and molecules orient to U
r
, stretching direction of polymer, Kf  can 
give directly information about the alignment of fM
r
within the molecular axes. This 
interesting case also is studied in this project. 
 
 
Figure 6: The laboratory (U, V, W) and molecular (x, y, z) system of axes  
(The molecule  and fM
r
 is only used for illustration) 
 
 
df=EU/EV=2Kf/(1-Kf)                                               (8) 
The dichroic ratio for fth transition is defined by: [9,10] 
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II.3.3. Treatment of Mixed Polarization by Trial-and-Error Method (TEM) [10] 
According to equation (8), Kf value is determined by EU and EV values. In 
simple situation, the absorption v  
polarized transition. K  value can be calculated direc
ntly overlap each 
ill be absent altogether.  
f
which corresponding to the disappears of some sets o
 
 D2h, optically allowed transitions 
must b
 band does not o erlap with the other, differently
tly from the spectra diagram by f
equation (8), because the spectral features can be ascribed to only one particular 
transition. This case is call pure polarization. 
But in general situation, differently polarized bands freque
other. This case is call mixed polarization. Practically, UV-VIS spectra have more 
mixed polarization than IR spectra since UV-VIS spectra are broader than IR spectra. 
In such case, various linear combinations of the measured spectra r=EU – cEV, will 
contain the peaks and shoulders of different polarization to different degrees, and in 
some of them or another set of spectra features w
According to equation (8), when the expression EU – cEV equals zero, c also 
equal to df :                              
c=df=2Kf/(1-Kf)                                                       (9) 
Replace c value on r expression by 2Kf/(1-Kf), we have new expression to determine 
K value: 
r=(1-Kf)EU – 2KfEV                                               (10) 
By change many trial K  value, we will get a particular K value when r near to a value f 
f spectra features. 
II.3.4. Determination of transition direction of the fth transition 
 A transition is accompanied with charge redistribution in molecule, and this 
charge redistribute is relative to molecular symmetry. So the transition direction is 
limited by the symmetry of molecule. The presence of molecular symmetry elements 
greatly simplifies the analysis of the LD data.   
 For example, if the molecule has C2v, D2 or
e polarized along one of the three mutually perpendicular symmetry axes on 
molecule: x, y and z. The transition moment vector fM
r
 must be aligned one of these 
symmetry axis. The observed Kf should thus adopt only three distinct values, 
corresponding to the orientation factors for the three molecular axes,  
),(cosK 2x Ux
rr= , ),(cosK 2y Uy
rr= , ),(cosK 2z Uz
rr=  (finding out form 
equation (7)). According to equation (6), the sum of three characteristic values should 
be equal to unity: 
 K 1KK zyx =++                                               (11) 
imental information is generally required in order to determine them. 
For example, molecule with Cs symmetry has possible transition moment vectors 
The analysis of the LD spectra for low-symmetry molecules are complicated 
because the molecular symmetry allows more possible transition moment directions, 
additional exper
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which are either in the molecular plane or perpendicular to it, molecule with C2 or C2h 
symme oment vectors which are restricted to either the 
symme
he alignment of molecule in stretched polymer generally corresponds to it 
shape. The molecule will align in the way that decreases its cross sections in 
stretching direction. We thus expect that Kx ≥Ky ≥Kz (see Figure 7). Kx is the 
orientation factor for the in-molecular-plane “long” axis, the molecular axis that on 
the average forms the smallest angle with the stretching direction U. We call “long” 
axis in the meaning of molecular shape. Kz is the orientation factor for the axis that 
perpendicular the molecular plane, this axis tends to form the largest angle with 
stretching direction. K r the in-molecular-plane “short” 
axis, have intermed
t should mention that some other researchers use the molecular axes different 
with this report. They may call “long” axis is z, and x for the axis perpendicular to 
molecular plane. That is just an axis labeling, the meaning of orientation factor 
doesn’t charge. 
 
 
 
 
 
 
 
 
try has possible transition m
try axis or any direction perpendicular to it. 
T
y is the orientation factor fo
iate value [15,16]. 
I
 
 
 
 
O
 
 
 
 
 
 
 
 
 
 
Figure 7: The molecular symm
and its relative  position 
etry axes 
In case of low  (Cs or C2h), all out-of-molecular-
ted along the molecular axis z. So, the others will be in-
nd therefore can be describe completely by two terms, K  
and Ky. For an in-molecular-p
to stretching direction 
 
 planar symmetry molecules
plane transition will be orien
molecular-plane transitions a x
lane transition, the angle, calledα , between the fth 
O
3
O
H
O
H
OHH C
xz
y
α
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transition moment direction and the “long” axis can be determine by expression 
[9,10]: 
y
x2 KKtan
KK −
−= fα                                           (12) 
f
VIS LD spectra because it is desired 
that  has the best orientation in 
The problem is how to find Kx and Ky values. The Kx value can be narrowed to 
be within an interval based upon the LD-data. Firstly, Kx must be larger than or at 
least equal to the largest Kf observed in the UV-r
relation to U
r
. Secondly, since Ky ≥Kz , we have: fM
⇔                     Ky + Kx  ≥ Kz +Kx
⇔   Ky + Kx + Kz – 2Kz ≥ Kx
⇔                      1 – 2Kz ≥ Kx
So Kx follows this interval: 
1 – 2Kz ≥ Kx  ≥ maximum of Kf                             (13) 
 Further experimental information is polarized IR spectroscopy. On this 
techquine, out-of-molecular-plane transitions can be found. The orientation factor of 
these transitions, Kz, is determined by the dichroic ratio df because IR transitions 
usually don’t overlap. So, from experimental data, we can limit Kx to an interval 
which is described on equation (13) 
And if the molecule has all most π → π∗ transitions, it means that all most 
ansition moment vectors must occupy on x-y plane, the molecular plane. So Ky can 
ot be larger than the minimum of observed Kf : 
Ky ≤ minimum of Kf                                         (14) 
Another useful information is basing on the molecular shape. The molecular 
hape defines the relation of possible transition moment direction to an observed Kf 
alue. For example, a molecule possessing rod-like shape will has Kx > Kf > Ky =Kz. 
The relation between molecular shape and experimental orientation factors is proved 
in hundreds of various symmetrical aromatic molecules [9,10,23] (see Figure 8 and 
9). This is a good reference data when one want to estimate the orientation factors for 
other aromatic molecules, including those of lower symmetry such as C2h or Cs.  
 Look at Figure 9, the influence of substituents on the orientation is more 
clearly related to their effect on the molecular shape, especially methyl group[23]. For 
example, if the methyl group locating at position that makes the molecule becomes 
longer than the parent molecule, its Kx must be larger than Kx of parent molecule. This 
phenomenon can be explained that the longer molecule is the more easily oriented it 
does in stretching polyethylene. 
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n
s
v
Pages 11 
  
 
Figure 8: Orientation factors of aromatic molecules in stretched polyethylene 
at room temperature. The formulas are oriented with their effective orientation axis x 
horizontal and with the y axis vertical. (modified from reference [23]) 
Kx
x 
y
z
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Figure 9: Orientation factors of anthracene derivatives in stretched 
polyethylene at room temperature (modified from reference [23]). 
 
For an unambiguous determination of Kx, polarized fluorescence spectroscopy 
can be used [9,10]. On the frame work of this communication, this technique is not 
mentioned.  
 
II.4. Density Functional Theory (DFT) 
 In 1998, W. Kohn received Nobel Price for his development of Density 
Functional Theory. But Density Functional Theory was founded in 1964 by P. 
Hohenberg and W. Kohn [24]. Since then, DFT has become an useful and popular 
tool for computational chemistry. DFT is nowadays the most precise tool available for 
dealing with the microscopic nature of matter, the range of areas where DFT is 
applied has expanded and continues to do so[25]. 
 In the 1964’paper, Hohenberg and Kohn stated that: [24,26] 
- The external potential V(r) is completely determined, within a trivial additive 
constant, by the electronic density in the ground state ρ(r). 
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- For a trial density ρ(r), which is positive and integrates to the number of 
particles: the lowest energy is equal or less than the energy of density given 
unless it is the correct ground state. 
 
The first statement originated from Thomas-Fermi model that all properties of 
the system were expressible in terms of electron density, the number of electrons per 
unit volume. The electron density is defined by equation: 
∑∫ Ψ≡
spin
NN drdrrrrNr ...)...,()( 2
2
2ρ  
 The first statement also means that there is a one-to-one correspondence 
between electron density of a system and energy, so the ground-state electronic 
energy is determined completely by the electron density. In DFT, electron density is 
used to describe system, instead of wave function. Let’s make a comparison between 
the electron density and the wave function. A wave function for an N electron system 
contains 3N coordinates (if not including spin). The electron density only depends on 
three coordinates, independently of the number of electron. So, when increasing 
system size, the complexity of a wave function increase, but the electron density has 
the same number of variables [27]. In computational aspects, theoretically, DFT 
formally scale as M3, M is number of basis functions, while ab initio (HF) is M4 [25]. 
 The second statement applicants variational principle. So, in principle, the 
electron density can be calculated exactly. The problem is it did not show the way to 
connect the electron density with the energy.  
In 1965, W. Kohn and L. J. Sham suggested self-consistent equations (is 
known as Kohn-Sham equation) base on theory of Hohenberg and Kohn. Kohn-Sham 
equation is very similar to Hartree-Fock equation, but including exchange and 
correlation effects [28].  
The Kohn-Sham equation still followed the spirit of Thomas-Fermi model, the 
homogeneous electron gas. But in all real system (atom, molecules, solids…) the 
electron density is non-uniform. New methods which consider a non-uniform electron 
gas are Gradient Corrected (or Generalized Gradient Approximation, GGA) methods. 
In these methods, the exchange and correlation energies dependent not only on the 
electron density, but also on derivatives of the density [27]. Common method for 
exchange energy correction are B88 [29] and PW86 [30], method for correlation 
energy is P86 [31] and LYP [32]. In computational aspects, the numerical integrations 
required for the exchange and correlation part can be reduced to a computation cost 
which scale linearly with system size [27], this advance has a significant meaning 
when dealing with large system. 
 
II.5. Application Time-Dependent Density Functional Theory (TD-DFT) 
for Excitation Energies Calculation of Aromatic Compounds 
 The excited states are the states that are stable, higher energy electronic 
configurations of molecular system. These states can be easily produced by exposing 
the sample to the light source of UV-VIS spectrophotometer. 
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There are many quantum chemical models useful for predicting spectral 
absorption of molecules in the near ultraviolet and visible region. 
 Configuration interaction (CI) method has been used from the early day. The 
full CI method is very expensive for large system [33], the low-order CI is less favor 
among users because in some case, it give less accurate geometries and the lack of 
size-extensively make studies of many-electron systems problematic [34].  
 Semi-empirical methods, such as: INDO/S [35], ZINDO/S [36,37], PM3 
[38]… also are used, these methods do not cost high computational time and have 
reasonable results. A research of J. Fabian showed that ZINDO/S method is useful in 
calculating n→ π∗  and π → π∗ type transitions of some aromatic compounds but not  
n → σ∗ and π → σ∗ type transitions, ZINDO/S calculation also have poor prediction 
on oscillator strengths, PM3 method have poor prediction on both transition energies 
and oscillator strengths [33]. 
Originally, DFT was formalized for the ground state [24], but it has been 
improved to calculate excited state [40,41]. Recently, time-dependent density 
functional response theory (TD-DFRT, or TD-DFT) can calculate exactly in principle 
the excitation energies and oscillator strengths of molecules with the linear response 
limit and the correct XC-function is know [33,39]. According to J. Fabian’result, TD-
DFRT calculation on some aromatic compounds gives absolute deviation between 
theoretical and experimental excitation energies better than PM3 and ZINDO/S 
methods [33]. In general, TD-DFT calculation treats the electron correlation effect 
more correctly than TD-HF or CIS-HF calculation. By using TD-DFT calculation, we 
desire to have a good reproduction of spectra.  
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III. Experimental and Calculation Methods 
 
III.1. Chemical and physical properties of Emodin[42] 
Emodin(98%) is purchased from MP Biomedicals, LLC. 
Chemical formula: C15H10O5 [CAS 518-82-1] 
Molecular weight: 270.24 
Name: 1,3,8-trihydroxy-6-methylanthraquinone; 1,3,8-trihydroxy-6-methyl-
9,10-anthracenedione. 
Other names: Emodin, Frangula Emodin, Rheum Emodin, Archin, Frangulic 
acid.  
Absorption max (in ethanol): 222, 252, 265, 289, 437 nm. 
Orange Color 
Practically insol in water 
Sol in alcohol, aqua alkali hydroxide solutions 
Solubility at 25oC (g/100ml of saturated solution): ether: 0.140; Chloroform: 
0.071; Carbon tetrachloride: 0.010; Carbon bisulfide: 0.009; Benzene: 0.041.    
           Like a phenolic compound, Emodin behaviors as an acid (in acetonitrile) pKa:  
5,70 & 7,94 [43]. Emodin is more acidity than phenol, pKa of Phenol is 9.89. This 
chemical property must be take account when one investigates Emodin in aqua 
solution. 
 
III.2. Solvent spectra 
 The spectra of Emodin are recorded in CCl4, Ethanol, Toluene, mix solution of 
Toluene and Ethanol. Spectrum of Chrysazin in Ethanol is used as reference. 
In Ethanol solution or mix of Ethanol and water solution, Emodin is 
deprotonated by equibium: 
O
O
O
H
O
H
OHH3C
R OH
O
O
O
H
O
H
OH3C
R OH2
 
R: H, C2H5
Because Emodin is a slightly strong acid, this equilibrium will make a 
significant amount of Emodin anion. So in protic solution, the spectrum of Emodin 
mixes with the spectrum of Emodin anion, see Figure 24. When we add a little of 
acid, the equilibrium will shift to direction which Emodin dominates. In experiment, 
when measuring the spectra of Emodin in Ethanol, a very small amount of saturated 
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HCl in water (0,5 % in volume) is added then the solution immediately changes from 
orange color to yellow color. It means that the equilibrium easily shifts. A 
measurement of UV-VIS spectroscopy of HCl in Ethanol didn’t not show any spectra 
feature, means that the nature spectra of interesting compound is not distorted by HCl. 
Beside, when HCl solution is added, a small amount of water will exist on 
investigated solution, we think that this amount of water don’t have any significant 
influence on the nature of Emodin’spectra. 
Spectra were recorded at room temperature with a slit width 1 nm in 1 cm 
curvet. The scan region is from 200 nm to 700 nm. 
  
III.3. LD spectra 
III.3.1. Preparing Polyvinyl Alcohol (PVA) sample and reference 
 Emodin has a free hydroxyl group and PVA has a lot of hydroxyl group so we 
hope that Emodin can easily penetrate into PVA. 
PVA absorbs in near UV region with consist of bands around 30.000; 35.000 
and over 47.000 cm-1. PVA sheet easily reflect and 
scatter the light. 
 A solution of 5g PVA powder (Av. Mol. Wet: 
70.000 – 100.000 [9002-98-5]) and 50g distilled water is 
heat to 80 ~ 900C while slowly stirring. To avoid over 
heating at the bottom, the beaker is put in boiling water 
larger beaker. When solution dissolves completely and 
becomes homogenous, it is being heated continuously in 
one hour to make sure it is homogenous. During this 
time, a large amount of water will be vapored. Then, the 
solution is left to cool to room temperature and cast on 
glass plate. The plate radius is about 20 cm. The plate 
bottom must be on horizontal plane to make sheet have 
the same thickness. It takes three or four days to drying 
the sheet. During this time, the plate has been covered to 
avoid dust. 
 Polymer sheet is cut into pieces of approximately 
2cm x 3.5cm, then it is soaked in saturated solution of Emodin for a week. Soaking 
solvent is Ethanol 75% (in volume). Water make PVA swell, we don’t use so much 
water because it will dissolve PVA although at room temperature. Soaking solution 
must be cover carefully to prevent evaporation of Ethanol. 
1
23
4
Figure10: The experiment 
of making PVA solution 
 1: magnetic stirring 
 2: PVA and distilled 
water 
 3: water 
 4: heat 
 Usually, introduced molecules will align in the same result if the compound is 
introduced before or after stretching polymer. Normally, after stretching, 
crystallization regions in polymer will increase and guest molecules can not get into 
this region, as a result the polymer solution will have a low concentration of 
introduced compound if the compound is introduced after stretching. In this case, 
Emodin is difficult to penetrate in polyvinyl alcohol, so it is introduced before 
stretching polymer.  
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          After soaking, polymer piece is taken out, then its surface is cleaned by 
methanol to remove crystallized Emodin form surface. The polymer piece is left for 
evaporate solvent in one day. Then it is stretched mechanically around 600%. To 
prevent the sheet from breaking and crystallization, a flow of hot air from hairdryer is 
used. Hot air also makes solvent vapor from the sheet. Stretching velocity is about 8 
cm/min. The faster we stretch, the more risk of breaking and crystallization we get. A 
finishing sample must be clean, transparent, flat and no air bubbles. Sample is held by 
a sample holder and kept stretching direction upright while measuring. 
 Reference film is also prepared in the same way as the sample sheet, instead of 
soaking it in solution, it is soaked in solvent.  
 
III.3.2. Preparing Polyvinyl Alcohol (PVA) sample and reference with acid 
treatment  
 All preparing process is the same way on section III.3.1, except that the 
soaking solution is added a little of saturated HCl in water solution (about 1% in 
volume). 
  
III.3.3. Preparing Polyvinyl Alcohol (PVA) sample and reference with basic 
treatment 
 This experiment is performed to try to measure LD spectra of first 
deprotonated Emodin anion (Emodin anion has one negative charge).  
In acetonitrile, two first pKa of Emodin is determined, pKa1 = 5,70 &  pKa2 =  
7,94. We expect that the distance of these two pKa doesn’t change much in soaking 
solution. When basic is added, at a certain concentration, we may get a maximum 
concentration of first deprotonated Emodin anion, but we also observe a small amount 
of second deprotonated Emodin anion because the distance between these pKa is not 
large enough. 
  In addition, because the soaking solution is a mix of Ethanol and water, and 
PVA may behavior as an alcohol, we don’t know exactly the concentration 
distribution of additional basic in system. So we can not calculate exactly how many 
basic will react with Emodin in the sample to give the first deprotonated Emodin 
anion (let’s call by a short word: Emodin anion). 
 To treat this situation, we used a try-and-error way to prepare a sample with 
Emodin anion. Normally, the spectrum of a compound in liquid solution is almost the 
same with the spectrum in isotropic polymer, if the influence of two solvent on the 
compound are nearly equal. We expect that the influence of Ethanol and PVA on 
molecular shape and electronic states of Emodin anion are almost the same. So we can 
try by increasing the concentration of basis step by step. After each step, we measure 
the spectrum of anion in unstretched PVA and compare to the spectrum of the anion 
in Ethanol solution (see Figure 28, the red curve). At a certain step we will have a 
certain polymer sample which has spectra features very close to spectra features of the 
anion in Ethanol solution. Then we will get this sample for LD spectroscopic 
investigation. 
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 In experiment, we dissolved KOH in Ethanol 75% at high concentration, and 
then drop a small amount of this solution in each step of measurement. 
 It should mention that we should not forget adding the same amount of base on 
reference sample. 
 
III.3.4. Preparing Polyethylene (PE) sample and reference 
 Although PE is nonpolar, some polar substrates can penetrate into PE under 
suitable conditions (solvent, temperature…). PE is transparent in UV-VIS region, at 
least under 50.000 cm-1. This polymer doesn’t distort so much the molecular shape 
and electronic states of interesting compound when comparing to PVA. LD 
spectroscopy investigation with this polymer is more advantageous than investigation 
with PVA. 
 The problem is the concentration of Emodin on PE is low when we try to force 
Emodin on PE. Fortunately, the concentration is high enough to have UV-VIS 
spectroscopy.  
 Low-density PE piece is cut from laboratory bottles made of pure PE. This 
piece has approximately size: 3,5cm (length) x 1,5cm (wide) x 2mm (thick) and it is 
cleaned the surface by dropping in Toluene solution. Then it is swelled in saturated 
Emodin of Toluene solution at 45oC during 3 days. We hope that the solute 
concentration in polymer will increase when the solubility of Emodin in Toluene 
increases with higher temperature. An effort to increase the soaking temperature is 
done. Finally, we get a bad result because the piece has a rough surface, it also very 
easily to be broken when stretching. We think that the high temperature make the 
polymer over swell, the polymer seems dissolve on solvent. We recommend that 45oC 
is the optimum temperature. 
  Then the sheet is taken out, cleaned the surface by Toluene to remove 
crystallized Emodin. Then it is put on muffle furnace at 45oC in one week to vapor 
Toluene. After that, it is stretched to 600% to become thin films for measurement. 
Stretching process is no need hot air supply. In another way, we tried to evaporate 
Toluene from the sheet by putting it in low atmosphere, but this way is not effect. 
  Reference film is also prepared in the same way as the sample sheet, instead of 
soaking it in solution, it is soaked in solvent.  
 
III.3.5. Recording LD spectra 
 Base-line correction is performed when changing the electric vector direction 
(EU or EV) of light source. The sample is mount in slide frame, and not moved while 
measuring to keep the incident beam point at the same position in polymer sheet. 
Spectra were recorded at room temperature with a slit width 1nm in 200-700 nm 
region.  
 
 
 
Pages 19 
III.4. Modeling and Calculation 
 All calculations were executed by Gaussian 98 package [44]. Following the 
idea of section II.4 and II.5, B3LYP method [29,30,31,32] includes exchange and 
correlation corrections. So this method is suitable for geometry optimization.              
We expect that 6-31G-basis set [45,46,47] will give reasonable result between 
computational cost and accuracy. Emodin has two intramolecular hydrogen bonds and 
one free hydroxyl group, these bonds are polar, so the basis set should describe small 
displacements of the center of electronic charge away form the nuclear positions. 
Normally, the functions of higher angular quantum number are added in split valence 
basis sets [47]. We decided to use 6-31G(d,p) basis set (polarization basis set), which 
includes d-type functions for heavy atoms and p-types functions for hydrogen atoms 
to get more accuracy geometry and energy calculation. Molecular equilibrium 
geometries are characterized by harmonic frequency analyses using the same basis set 
[48].  
J. Fabian used TD-DFRT calculation on some aromatic compounds, related to 
Emodin structure, the result gives absolute deviation between theoretical and 
experimental excitation energies better than PM3 and ZINDO/S methods, the 
oscillator strengths also have good reproduction [33]. So TD-DFRT is applied to 
investigate the excited state of Emodin.  
Split valence basis sets (for example, 6-31G) and polarization basis sets (for 
example, 6-31G(d,p)) are suitable for molecules in which electrons are tightly held to 
the nuclear centers. If the system has electrons that are relative far from the nuclear, 
such as anion, system in their excited states…the basis set should be added one or 
more set of highly diffuse functions [47,48]. To calculate the excited states of 
Emodin, we use diffuse function 6-31+G(d,p). 
 
III.4.1. Modeling system in gas phase 
 Normally, molecular modeling in gas phase only takes account of one molecule 
in vacuum. In fact, in the gas phase, molecules stand far form the others, the effect of 
neighboring molecules on a certain molecule is not much. If we model only one 
molecule, the calculated results of some properties are reasonable. Some chemical 
properties quantities results of measurement on more molecules are the same with the 
results which are assumed to measure on one molecule, for example: excited states. 
 So the calculated electronic transitions of one Emodin molecule will give 
important information to help in the assign of observed transitions in experiment. The 
different is the calculated transition is a number while observed transition is a band or 
a broad band. More advance, observed electronic transitions usually overlap each 
other, the calculated electronic transitions will help us easily recognize spectra 
features of each transition.   
 
III.4.2. Modeling system in solution 
The properties of molecules can differ considerably between the gas phase and 
condense phase. The influence of polymer solvents on Emodin geometry and excited 
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states may make the observed electronic features change. This influence may be 
significant in case of PVA with a lot of hydroxyl group. Intermolecular hydrogen 
bonds may establish between hydroxyl group on PVA and hydroxyl group on 
Emodin. Otherwise, solvent influence is not much in case of PE because Emodin in 
PE likes in an “idea gas model” [9,10].  
Polarized Continuum Model (PCM) [48,49] is used for system on non-aqueous 
solution because this model can not take account protonated (or deprotonated)  
energy. Solute is modeled in a reaction field which solvent plays as a continuum of 
dielectric constant. The effect of polarization of the solvent continuum is represented 
by dielectric constant number. 
On this model, the calculation will describe the average interaction of PVA on 
Emodin and examine the influence of this interaction on electronic transition. Ethanol 
is represented PVA in the solvent model. 
Another model, let’s call solvated model, will form directly intermolecular 
hydrogen bonds between one Emodin molecule and one (or two) Ethanol molecule. 
This model describes more efficiently bonding between solute and solvent. Although 
one (or two) Ethanol molecule is represent PVA, the solvent effect is covered when 
Ethanol establishes bonding with some specific region on Emodin, for example, 
hydroxyl group or carbonyl group.        
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V. Results and discussions 
IV.1. Model and calculated Result 
IV.1.1.Gas phase result 
Four interesting configurations of Emodin were modeled like the following figures:  
 
 
               (1)                               (2)                               (3)                              (4) 
 
  
The different between these configurations is the rotation of methyl group and 
“free” hydroxyl group. 
The result of optimization and frequency calculation with different basis set is 
shown in Table 1: 
 
B3LYP/6-31G(d) B3LYP/6-31G(d,p) 
Confi- 
guration Total Energy 
(a.u.) 
Imaginary 
Frequency 
(cm-1) 
∆E(*) 
(Kcal/mol) 
Total Energy 
(a.u.) 
Imaginary 
Frequency 
(cm-1) 
∆E(*)
(Kcal/mol) 
1 -953.776404 ι53.6066 0.3940 -953.803973 ι110.3481 0.3966 
2 -953.776745 ι37.3450 0.1798 -953.804313 ι60.7512 0.1833 
3 -953.776691 ι25.8404 0.2140 -953.804266 No 0.2131 
4 -953.777031 ι30.3046 (0) -953.804605 No (0) 
 (*): Difference in total energy between configuration (1), (2), (3) and configuration (4). 
        The imaginary frequency is not scaled. 
Four configurations have Cs symmetry, and the difference in total energy is not 
much. All imaginary frequencies correspond to rotation of CH3 group. Calculations on 
configuration (3) and (4) with 6-31G(d,p) don’t have imaginary frequency, but the 
lowest energy frequencies of these configuration also determine the rotation of CH3 
group. So, basis set 6-31G(d,p), adding a p-type functions for hydrogen atoms, maybe 
describe the system more accurately.  
Configuration (4) has the lowest energy, so Emodin molecules in experiment 
are believed to exit mainly by this configuration. The rest of calculations will use only 
this configuration. Anyway, the difference in total energy between four configurations 
is not much, the result of reproduced spectra will change insignificant when changing 
configuration. 
The result of electronic calculation is shown in Appendix A1. The molecular 
orbitals participating in the electronic transitions are shown in Appendix A2. Almost 
all calculated transitions correspond to π → π∗ transitions because almost molecular 
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orbital (MO) numbering 62 to 75 are π and π∗ orbitals, except MO 65 and 67 are σ 
orbitals. MO 65 and 67 participate in the transitions that have oscillator strengths are 
zero or very small. The calculated electronic transition of some related compound, 
such as Anthralin [16]… also assigns the π → π∗ transitions. For planar π systems, all 
significant spectra intensity in near-UV and VIS regions can frequently assumed to π 
→ π∗ transitions [15].  
The transition moment direction is determined in Appendix A3. The result 
shows that all transitions take place in molecular plane. 
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Figure 11: The calculated UV-VIS spectra of Emodin in gas phase 
The top of each peak shows its transition moment direction,α  
x, y and z is standard orientation coordinate for dipole transition moment calculation.  
These axes are also molecular symmetry axis, as described on section II.3.4 
x and y are called the “long” and “short” axis symmetries in molecular plane 
α : describe the angle between the transition moment direction and “long” axis. 
 On Figure 11, the first strong transition at 22782 cm-1 and third strong 
transition at 35479 cm-1 seem belong to “long” axis transition. The second strong 
transition at 32401 cm-1 belongs to “short” axis transition. On higher energy region, 
there are two close peaks at around 45000 cm-1. These calculated spectra features will 
be used to compare with experimental spectra, the calculated transitions usually gave 
good prediction in low energy region.  
 
Interpretation the electronic transition moment by Molecular Orbital 
Another way to interpret the electronic transition moment is basing on the 
notation of an electronic transition as a promotion of an electron form one orbital ( iφ ) 
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to another ( fφ ). As mentioned on section II.2, the transition moment is equal to the 
dipole moment of the overlap charge density of the two orbitals [9]:  
fieM φφ−=  
By apply this interpretation for first three strong peaks above (Figure 11), we 
also easily determine transition moment directions. From the Appendix A1, the first 
strong transition at 22782 cm-1 mainly causes by one electron transfer from orbital 70 
to orbital 71. We can assume that the transition moment of this peak mainly belong to 
the promotion of an electron from orbital 70 to orbital 71. The overlap density ( fiφφ ) 
approximates to Figure 12: 
 
 
M
r
 
Figure 12: The approximate product of orbital 70 and 71 
M
r
: the electronic transition moment 
The overlap charge density ( fie φφ− ) has opposite value with overlap 
density, so the electric dipole transition moment has the direction which is described 
on Figure 12. M
r
doesn’t orient exactly to x axis (“long” axis) because there are few 
negative overlap density on Oxygen of 3-hydroxyl group and positive overlap density 
on Oxygen of 8-hydroxyl group. In addition, the crude model doesn’t give exactly 
how much the charge density large on each site. So we can not make any good 
approximation about the angle between the transition moment vector and x axis. But 
the model can help us sure that M
r
 must be oriented very near to x axis. According to 
calculation, the precise angle between M
r
 and x axis is -4o (see Figure 11). 
Doing in the sample way on second strong transition at 32401 cm-1, we will get 
the approximate overlap density of one electron transition from orbital 66 to orbital 
71: 
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Figure 13: The approximate product of orbital 66 and 71 
M
r
: the electronic dipole transition moment 
 
On Figure 13, the overlap density don’t distribute equally on both sides of 
“shot” axis. The negative overlap density on the left side of “shot” axis is bigger than 
the one on the right side. So M
r
 must be oriented near to y axis and may rotate a little 
bit on the right side. According to calculation, the precise angle between M
r
 and x 
axis is 89o (see Figure 11). 
 
IV.1.2. PCM model result 
To take account of solvent effect, all calculations (including geometry 
optimization, frequency and excited states) perform in reaction field of solvent. In the 
calculation model, we expect that Ethanol solvent in calculation will represent PVA 
solvent in experiment, Toluene and CCl4 solvents will represent PE solvent. 
The calculated total energy and imaginary frequency of Emodin in difference 
solvent models are shown on Table 2: 
 
B3LYP/6-31G(d,p) 
Solvent 
 (dielectric constant) Total Energy (a.u.) 
Imaginary 
Frequency 
(cm-1) 
Ethanol (ε=24.55) -953.8200495   ι3824.3834   
Toluene (ε=2.379) -953.8080539     ι661.3253    
CCl4          (ε=2.228) -953.8048143     ι851.6586  
* The imaginary frequency is not scaled.  
Geometry optimization and frequency calculation with Cs symmetry 
Compare to gas phase result, the total energy of Emodin molecule doesn’t 
change in non-polar solvent and decrease a little (9,7 Kcal/mol) in polar solvent. 
However, frequency calculations for characterizing stationary points give imaginary 
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frequencies in all solvents, these frequencies correspond to out-of-molecular-plane 
displacement of all Hydrogen atoms (see Figure 14).  
 
 
 
Figure 14: The out-of-molecular-plane oscillating of imaginary frequency 
 (the molecular plane is perpendicular to paper plane) 
The magnitude of the imaginary frequency is very large in case of polar 
solvent. This is a strange result because Emodin has Cs symmetry and the solvent 
impacts equally on both sides of molecular plane, the reaction field can not make the 
bond oscillate out of molecular plane. Within the framework of this project, former 
investigation can’t be done to figure out the exact reason because of high 
computational cost and expert study in PCM model. This maybe an error or restrict of 
PCM model. 
When we optimized Emodin without Cs symmetry (rotate hydroxyl group or 
methyl group outside of molecular plane) and used keyword “Nosymm” in input file, 
the result did not show any imaginary frequency. Furthermore the geometry, total 
energy and excited states seem no change. The different result is shown on Table 3: 
Table 3. The calculated total energy and frequency of Emodin in different 
solvents and symmetry: 
 
B3LYP/6-31G(d,p) 
Solvent 
(symmetry) Total Energy (a.u.) 
Imaginary 
Frequency 
(cm-1) 
Ethanol (Cs) -953.8200495   ι3824.3834   
Ethanol (No symmetry) -953.8217919 − 
Toluene (Cs) -953.8080539     ι661.3253    
Toluene (No symmetry) -953.8078664 − 
 
We concluded that the frequency calculation with Cs symmetry giving the 
imaginary frequency is a restriction of PCM model. The calculated excited states with 
Cs symmetry are still available. 
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The calculated excited transitions in Methanol, Toluene, CCl4 solvents are 
shown on Appendix B1, B2, C1, C2, D1, D2.  
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Figure 15: The calculated UV-VIS spectra of Emodin in Ethanol-PCM model 
The top of each peak shows its transition moment direction,α  
Compare to the gas phase result, calculated spectra in Ethanol doesn’t change 
so much. All peaks have red shift (moving to lower energy direction). In the lower 
and intermediate energy transition region (~21000-40000 cm-1), three strong “long” 
axis transition have small red shift (∆=481 cm-1 for first band, ∆=208 cm-1 for second 
band and ∆=440 cm-1 for third band) and the electronic transition directions almost 
don’t change. The first strong “short” axis transition (also the only one strong “short” 
transition) has bigger red shift (∆=930 cm-1) but transition direction doesn’t change. 
The direction of medium and weak transitions is easily distorted by solvent. It can be 
explained that the small vector (weak transition) can be more easily changed its 
direction than the large vector (strong transition) by small influence of environment. 
In high energy region (40000-45000 cm-1), the predicted transitions became 
complicated. Some transitions change intensity and direction, except a medium 
transition whose direction is -14o and a strong transition whose direction is 4o. 
The calculated transitions diagrams in Toluene and CCl4 solvents are shown on 
Figure 16 and 17: 
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Figure 16: The calculated UV-VIS spectrum of Emodin in Toluene-PCM model 
The top of each peak shows its transition moment direction 
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Figure 17: The calculated UV-VIS spectrum of Emodin in CCl4-PCM model 
The top of each peak shows its transition moment direction,α  
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 According to Figure 16 and 17, the spectrum of Emodin is the same when 
changing from Toluene to CCl4 solvent. These spectra also are similar to the gas 
phase-spectra in both intensity and direction, even thought for some medium and 
weak transitions.  
 By doing the same work, we also get the spectra of Emodin anion in Ethanol 
with PCM model (see Appendix I1). It is not necessary to model Emodin anion in gas 
phase or in Toluene, CCl4 because this result don’t support any experiment. 
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 Figure 18: The calculated UV-VIS spectrum of Emodin anion in Ethanol-PCM model 
The top of each peak shows its transition moment direction,α  
The spectrum of Emodin anion is completely different to the spectrum of 
Emodin since negative charge is relocated when passing from neutral molecular to 
anion. The spectrum shows a strong peak at 32604 cm-1, the others are medium and 
weak peaks. The first peak locates at 17789 cm-1 has transition moment direction near 
to the strongest peak. In the higher energy region, there are a lot of medium peaks 
with different transition stand near together, this information may not useful for 
spectral prediction since the experimental spectrum of anion in PVA has a lot of broad 
bands that we can not distinguish them.  
 
IV.1.3. Solvate model result 
We expect that interhydrogen bond play a significant role in electronic states of 
Emodin. On the model, we try to describe the hydrogen bonds between PVA and 
Emodin by modeling hydrogen bond between Emodin and Ethanol molecules. The 
model investigates four interesting possibility of interhydrogen bond: 
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(6)  (5) 
(8)(7) 
                                                                                               
Model (5) and (6) describe interhydrogen bond at free hydroxyl group on 
Emodin. Model (7) describes the bond at carbonyl group. Model (8) describes both 
bonds at hydroxyl and carbonyl groups, this model look like a collection of model (5) 
and (7). We think that two hydroxyl groups at 1,8 hydroxyl position have strong 
intramolecular hydrogen bond with the nearest carbonyl group, so these groups don’t 
make strong intermolercular bonds to PVA. We only concentrate on hydrogen bond at 
free hydroxyl group and free carbonyl group.  
These models are too simple for describe real Emodin molecule on PVA. In 
modeling technique point of view, the more exactly we simulate the real system the 
better result we get, but computation cost also increase rapidly. And in some 
circumstance, although simulation and computation works improve so much, the 
result improves not much. In such situation, we have to choose a satisfactory balance 
between high computational and good result. 
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Figure 19: The calculated UV-VIS spectra of Emodin in model (5) 
The top of each peak shows its transition moment direction,α  
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Figure 20: The calculated UV-VIS spectra of Emodin in model (6) 
The top of each peak shows its transition moment direction,α  
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Figure 21: The calculated UV-VIS spectra of Emodin in model (7) 
The top of each peak shows its transition moment direction,α  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22: The ca m din in model (8) 
The top of each peak shows its transition moment direction,
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Compare to the result in PCM model and gas phase, the result in solvate model 
shows that the position of peaks doesn’t change much, especially for the lower energy 
region. The transition moment directions still remain.  
When comparing the result of each model above to the result in gas phase (also 
in PCM model with CCl4 and Toluene solvent), we have some remark: 
On model (5), all peaks seem not shift anymore, the intensity of peaks doesn’t 
change much. On second strong peak, the α  value have opposite sign with the gas 
phase value (compare -91 to 89), but the direction still remain to “shot” axis.   
On model (6), all peaks have slight red shift. For first three strong peaks, the 
red shift is about 350 cm-1 on average. For the strong peak near 39000 cm-1 region, the 
shift is bigger (∆ ≈ 900 cm-1). The intensity of the peaks around 35000 cm-1 region 
increases rapidly. The transition moment directions still remain to “shot” axis 
On model (7), the red shift of all transitions is bigger than the shift in model (5) 
and (6). For first three strong peaks, this shift is about 700 cm-1 on average. It means 
that the hydrogen bond at carbonyl group make red shift larger than the one at 
hydroxyl group. The transition moment directions seem no change. 
On  because 
hydrogen bo s shifts. The 
transition moment directions seem no change. 
ks seem no change.   
 
g
 model (8), the red shift seems equal to the shift of model (7)
nd at hydroxyl group doesn’t play a significant role in the e 
 In summary, when comparing to the gas phase result, the calculation shows 
that the hydrogen bonds make the transition shift to the lower energy transition about 
700 cm-1, the transition moment directions of strong pea
IV.2. Experiment result and discuss 
IV.2.1. Isotropic spectroscopy 
Spectrum of Emodin in Carbon Tetrachloride is shown in Figure 23. The 
spectrum of Emodin in CCl4 has two regions dependent on absorbance energy. The 
lower energy transition is in the ~21000-27000 cm-1 range with rotational fine 
structure. The higher energy transitions are in the ~32000-38500 cm-1 ran e with 
strong transitions. Approximate transitions with absorbance intensities are described 
in Table 4. 
Table 4: Observed electronic transitions of Emodin in CCl4 solution. ν~ : 
wavenumber in cm-1; Abs: Absorbance Intensity. 
 
Peak ν~  Abs 
A 23040 0.62 
B 33220 0.64 
C 34720 0.89 
D 35970 0.81 
E 37880 1.01 
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Figure 23: The UV-VIS spectrum of Emodin in CCl4 solution 
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Figure 24: The UV-VIS spectrum of Emodin in Ethanol solution 
Spectrum of Emodin in Ethanol is shown in Figure 24. The spectrum of 
Emodin in Ethanol shows three regions. The lower energy transition is in the ~17500-
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27000 cm-1 range, intermediate energy transition is in the ~30000-42000 cm-1, and 
higher energy transition is in the ~43000-47000 cm-1 range. Approximate peak 
transitions are summarized in Table 5.  
Table 5: Observed electronic transitions of Emodin in Ethanol solution. ν~ : 
wavenumber in cm-1; Abs: Absorbance Intensity. 
 
Peak ν~  Abs 
a 19920 0.10 
b 22900 0.31 
c 30870 0.23 
d 33000 0.46 
e 34360 0.58 
f 37880 0.52 
g 39520 0.60 
h 45870 0.98 
 
Compare to the spectra in CCl4, the spectra in Ethanol does not show fine 
structure due to strong solvation of Ethanol. There are some additional peaks at 19400 
cm-1 , 30870 cm-1 and  37880 cm-1, these peaks look like shoulders and seem to be the 
spectra of impurities. On this section, we try to figure out where these strange peaks 
come from.
will be a good reference to the spectra of 
Emodi
h earer than the spectrum of Emodin 
(see Figure 25). The sp  of Chr azin also show some peak familiar to Emodin, 
such as: peaks at near  cm 00 cm 0000 cm-1, 45000 cm-1. So we 
concluded that the spectra on Figu elong re than one compound.  
However, Emodin is stable en environment and in light exposition. The 
evident is the spectrum of Emodin in Ethanol doesn’t change by the time. The spectra 
of Emodin in different mix of Tol d Etha ve a clue that the additional peak 
at 19400 cm-1 come with the appearance of Ethanol (see Figure 26) 
 
 
It is known that the strong electronic transitions of Emodin and Chrysazin 
belong to π→ π∗ type transitions, Emodin molecule likes a Chrysazin molecule with 
one methane and one hydroxyl group addition, so the π and π∗ orbitals don’t change 
much in energy and shape when changing form Emodin to Chrysazin. We think that 
some of electronic transitions of these compounds will resemble each other, especially 
strong transitions. The spectra of Chrysazin 
n.  
n Ethanol, t e spectrum of Chrysazin is clI
ectrum
 2 00
ys
30 -1, 350  , 4-1
re 24 b to mo
 in oxyg
uene an nol gi
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Wavenumber(cm-1)
: The UV-VIS spectrum of Chrysazin in Ethanol solution 
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Figure 26: The UV-VIS spectra of Emodin  
in different mix of Ethanol and Toluene solutions.  
The concentration of Emodin is not exactly the same in each solution 
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According to Figure 26, the intensity of peak at 19400 cm-1 increases when 
increasing Ethanol’s volume. Although the concentration of Emodin is not exactly the 
same in each solution, the difference between curves is enough to make a conclusion. 
So, these additional peaks maybe belong to Emodin anion coming from 
following equilibrium: 
 
When a little of acid (Hydro Chloride…) is added, the equilibrium shifts to the 
direction which Emodin molecules predominate. The spectrum of Emodin in Ethanol 
with acid addition shows in Figure 27 and approximate peak transitions are 
summarized in Table 6.  
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Figure 27: The UV-VIS spectra of Emodin in Ethanol solution (dot line) 
and Ethanol solution with a little of HCl acid (solid line) 
(two samples do not have the same concentration of Emodin) 
data were obtained in the manner described in section II.2. 
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Pages 37 
Table 6. Observed electronic transitions of Emodin in Ethanol solution with a 
little of HCl acid. ν~ : wavenumber in cm-1; Abs: Absorbance Intensity. 
 
Peak ν~  Abs 
1 22900 0.31 
2 33000 0.32 
3 34480 0.56 
4 37590 0.47 
5 39680 0.35 
6 45050 0.92 
 
 
Now, the spectrum of Emodin in Ethanol-HCl solution is more clearly than the 
spectrum of Emodin in Ethanol. There is only one peak in the lower energy region at 
22940 cm-1. Peak number 1, 2, 3, 4, 5 stand at right position of peak b, d, e, f, g. 
Comparing to the spectrum in CCl4, peak number 1, 2, 3 have a bit red shift, peak 
number 4 have blue shift. These peaks confirm only the present of Emodin in solution. 
The red shift and blue shift of these peaks can be explained by π → π* transition, a 
specific transition of anthraquinone compounds. Normally, when changing from non 
polar solvent to polar solvent or weak polar solvent to strong polar solvent, n  π* 
transiti
Convers modin anion 
predominate Emodin in 
Ethanol with bas ansitions 
are summarized in Table 7. 
Table 7: Observed electronic transitions of Emodin in Ethanol solution adding 
KOH (the red curves). 
→
on have blue shift but π → π* transition is too complicated to predict. 
ely, the equilibrium shifts to the direction which E
 when basis (KOH, NaOH…) is added. The spectrum of 
ic addition is shown in Figure 28 and approximate peak tr
ν~ : wavenumber in cm-1; Abs: Absorbance Intensity. 
 
Peak ν~  Abs 
1’ 19920 0.59 
2’ 24880 0.23 
3’ 31850 1.32 
4’ 39220 1.36 
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Figure 28: The UV-VIS spectra of Emodin in Ethanol solution 
and Ethanol solution adding KOH base 
 
Looking at Figure 28, when the concentration of basic increases, peak number 
1’, 3’, 4’ increase in intensity and peak b, e, f decrease in intensity gradually. This 
inform
 of peaks 
1’, 3’, 4’ belong to first deprotonated Emodin anion. Further more, the four isosbestic 
point strongly support the assumption that we an equilibrium between just two 
chromophores.  
If we make a linea ombi etwee acid-spectrum in Figure 27 (the 
solid line) and the basic-s trum re 28 (the red curve), we will get a spectrum 
like spectrum of Emodin thano articular combination. 
 
ation confirms the shift of equilibrium to the direction predominated Emodin 
anion. Because the space between pKa1(5,70) and pKa2(7,94 in acetonitrile) is near 2 
and the concentration of basic is not very high, we think that the appearance
have 
r c nation b n the 
pec  in Figu
in E l at a p
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Figure 29: Linear combination of spectrum in acid and spectrum in basic
Spectru arison  
 solution. 
According to Figure 28, the green line seems to fix with the dot line. This fix 
confirm
ichroism Spectroscopy 
ic in soaking solution 
is show Figure 30.  
m of Emodin in Ethanol is used for comp
 
s that the red line on Figure 28 belong to the first deprotonated anion. It also 
means that Emodin in Ethanol establishes an equilibrium which has about 85% of 
Emodin and 15% of first deprotonated Emodin anion at experimental concentration. 
In summary, Emodin is easily protonated in Ethanol solution. This chemical 
property will repeat when Emodin is introduced into PVA because PVA have a lot of 
hydroxyl group and we use a mix of Ethanol and water solution to swell PVA. 
 
IV.2.2. Linear D
IV.2.2.1. Linear Dichroism Spectroscopy in PVA sample 
LD spectra of Emodin in PVA without adding acid or bas
n in 
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Figure 30: Observed baseline- corrected LD-spectra for Emodin aligned  
in stretched PVA, data were obtained in the manner described in section III.3.1.  
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A
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o
: Observed baseline- corrected LD-spectra for Emodin aligned  
in stretched PVA with acid treatment,  
data were obtained in the manner described in section III.3.2. 
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On Figure 30, all peaks are broad, this maybe due to strong interaction of 
hydroxyl group in PVA. The spectra show a specific peak at 21320 cm-1, an additional 
peak at 19690 cm-1. This additional peak maybe comes from Emodin anion. Emodin 
anion forms in soaking solution by solvation of Ethanol. When PVA is swelled, these 
anion penetrate into PVA. The interesting point is the LD spectra measure in sample 
without solvent, so Emodin anion in the sample may form by the solvation of 
hydroxyl group in PVA. To prevent forming anion, soaking solution is added a little 
acid when preparing the sample (see section III.3.2). Additional acid presses 
equilibrium of reaction equation (15)(see page 37) to the direction which neutral 
Emodin molecules dominate. After evaporating solvent, remaining acid in polymer 
also dominate neutral molecules. 
On Figure 31, all observed spectral features in isotropic (Ethanol) are 
reoccurring in anisotropic spectra (PVA), except for a slight increase in background 
when changing the solvent. All transitions are broader and seem not shift in PVA. The 
peak near 32500 cm-1 has different intensity in EU and EV. This peak may be 
overlapped by peak near 35000 cm-1.   
 To determine the orientation factor of individual transitions in case of 
overlapping peaks, TEM is used (see section II.3.3): 
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Figure 32: Reduced absorbance curves r=(1-Kf)EU – 2KfEV
with K ranging rm Figure 31 from 0 to 1. EU and EV values is taken fo
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At first glance, the orientation factor of peaks number 1, 3, 4, 5, 6 is near 0.69, 
the orientation factor of peak number 2 is near 0.18. It seems to have a peak near 
34000 cm-1, but we are not sure about its Kf value. As mention on section IV1.1, 
Emodin has π → π∗ transitions in planar molecule of symmetry Cs. According to 
equation (13) and (14): 
Kx ≥ maximum of Kf  = 0.69 
Ky ≤ minimum of Kf  = 0.18 
Those are all information getting from experimental data. To determine Kz , 
additional experimental information is need. An effort to measure the sample by IR 
spectroscopy to determine Kz is failed since the concentration of compound is not 
large enough. If we choose Kx = 0.69, Ky = 0.18, then Kz = 0.13. Transition moment 
directions are determined by equation (12) and shown in Table 8 
Table 8. The observed transition moment directions values ( obsα ) are 
determined by following assumption of Kx = 0.69, Ky = 0.18, Kz = 0.13. calα : 
transition moment directions of strong peaks from calculation in Ethanol-PCM model 
these peaks are chosen in the way that its transitions are nearest to observed 
transitions      (see Figure 15). 
 
No. Wavenumber(cm-1) Kf obs
α (o) calα (o) 
1 22600 0.68 8 -5 
2 32360 0.18 90 89 
3 34840 0.67 11 -6 
4 37300 0.67 11 - 
5 39370 0.67 11 -1 
6 44500 0.69 0 4 
 
The obsα  values agree with calα  values. Both set of value indicate that first 
(number 1), third (number 3), fourth (number 5) and fifth (number 6) strong 
transitions are “long” axis transitions. The second (number 2) strong transition is 
“short axis” transition. A strong transition at 37300 cm-1 (number 4) is shown on both 
LD spectra and isotropic spectra but it is not shown in any model calculation above. 
Actually, all models produce a weak peak at around 37300 cm-1 but this calculated 
peak can not help in the assignment of peak number 4. 
 
IV.2.2.2 Linear Dichroism Spectroscopy in PE sample 
All ob r in isotropic 
spectra (CCl o PE solvent, 
all peaks peak at 
about 19200 cm-1, this peak can only expla impurity. There is a wide spread at 
37500 - 40000 cm-1, we believe there are two peaks at 37600 cm-1 and ~39600 cm-1  
served spectral features in anisotropic spectra (PE) reoccu
) (see Figure 33 and 23). When passing form CCl  solvent t4 4
 become broader and lose fine structure resolve. There is a very weak 
ined by 
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Figure 33: Observed baseline- corrected LD-spectra for Emodin aligned in stretched 
PE, data w  the manner describ in sectioere obtained in ed n III.3.4 
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Figure 34: Reduced absorbance curves r=(1-Kf)EU – 2KfEV
with K ranging from 0 to 1. EU and EV values is taken from Figure 33 
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According to the TEM curves, the orientation factors fall nearly into 0.7 and 0.2. 
Doing the same process in section IV.2.2.1, we have: 
Kx ≥ maximum of Kf  = 0.70 
Ky ≤ minimum of Kf  = 0.17 
An effort to measure the sample by IR spectroscopy to determine Kz is failed 
since the concentration of compound is not large enough, the same situation of PVA. 
If we choose Kx = 0.70, Ky = 0.17, then Kz = 0.13, this values are reasonable when 
comparing to Kf  of Chrysazin (0.55, 0.30, 0.15) since Emodin molecule is relatively 
longer than Chrysazin molecule. Transition moment directions are determined by 
equation (12) and shown in Table 9.  
Table 9. The observed transition moment directions values ( obsα ) are 
determined by following assumption of Kx = 0.70, Ky = 0.17, Kz = 0.13. calα : from 
calculation in CCl4-PCM model, these peaks are chosen in the wa
are nearest to observed transitions (see Figure 17) 
 
y that its transitions 
No. Wavenumber(cm-1) Kf obs
α (o) calα (o) 
1 22800 0.70 0 -4 
2 32780 0.17 90 89 
3 35300 0.70 0 -8 
4 37600 0.70 0 - 
5 ~39600 (*) (*) - 
6 44500 0.70 0 5 
(*) Kf can not determined by visual inspection in Figure 34 
The obsα  values agree with calα  values. The first (number 1), third (number 3), 
and fifth (number 6) strong transitions are “long” axis transitions. The second 
(number 2) strong transition is short axis transition. We also have the same situation 
when calculation results don’t predict a strong “long” axis transition at 37600 cm-1. 
Peak number 5 is too broad to determine Kf value. If we measure the sample at low 
temperature, the band will become sharper and we may determine its Kf .  
When changing from non polar solvent (PE) to polar solvent (PVA), all 
observed peaks have red shift but the transition moment seem don’t change. This shift 
also is predicted by calculation result, on both PCM model and solvate model, see 
Table 10.  
Table 10. Comparing the calculated shifts and experimental shifts of electronic 
transition when changing solvent. cal∆ : the calculated red shift when changing form 
CCl4 solvent to Ethanol solvent in PCM model. obs∆ : the observed red shift when 
changing form PE solvent to PVA solvent in experiment 
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No. obs∆ (cm-1) cal∆ (cm-1) 
1 200 353 
2 420 675 
3 460 167 
5 230 376 
6 0 24 
 
Because the experimental spectra have almost broad bands, ∆  values are obs
approx  of
-1. So if we combine two models 
(PCM model and solvate model) at the same time, the result will reasonable. 
 
IV.2.2.3 Linear Dichroism Spectroscop f anion in P  sampl
 When co ing th re wit tra of E din anion nol (the red 
curve in Figure 28), all spectral featu  PVA and in Ethanol are identical. As 
mentioned at section IV.1.2, the spect  
spectra of neura olecu he TEM ram, it difficult to pproximate Kf of 
peak number 3  4, b ese va influenc ch other.  seems to have a 
peak at around 40000cm een p mber 5 d 6), but e are not sure to 
present it. 
Doing the same process in section IV.2. 2.1, we have: 
imate values, but the difference is enough to make remarks. cal∆  peak 
number 6  seem to zero because this values is near to tolerance of program. The PCM 
model almost predicts the trend of red shift, except peak number 3. But in solvated 
model, the shift of peak number 3 is larger, for example, on model (6) this shift is 
about 900 cm-1, on model (7) this shift is 450 cm
y o VA e 
llat e Eiso cu h spec mo  in Etha
res in
ra of anion is completely different form the
l m le. On t  diag is  a
and ecause th
-1
lues e ea  It
 (betw eak nu  an  w
Kx ≥ maximum of Kf  = 0.63 
Ky ≤ minimum of Kf  = 0.20 
If we choose Kx = 0.63, Ky = 0.20, then Kz = 0.17. Transition moment directions are 
shown in Table 11 
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Figure 36: Reduced absorbance curves r=(1-Kf)EU – 2KfEV
with K ranging from 0 to 1. EU and EV values is taken from Figure 35 
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Table 11. The observed transition moment directions values ( obsα ) are 
determined by following assumption of Kx = 0.63, Ky = 0.20, Kz = 0.17. calα : from 
calculation in Ethanol-PCM model, these peaks are chosen in the way that its 
transitions are nearest to observed transitions (see Figure 18). 
 
No. Wavenumber(cm-1) Kf obs
α (o) calα (o) 
1 19800 0.57 22 24 
2 ~24500 0.60 15 17 
3 30800 0.63 0 18 
4 32600 0.53 29 -21 
5 39000 0.60 15 -51 
6 41000 0.20 90 3 
 
The predicted transition moment directions agree with experimental transition 
m n 
the h
 The calculation has a good prediction on some transitions at region 24000 – 
34000 cm-1, especially the strongest peak. The prediction on first medium peak is 
lower than experimental result about 2000 cm-1. The prediction in higher energy is 
good at peak number 5 and 6, the weak peaks can not seen in experiment because of 
overlapping. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
oment direction at low energy region and the strongest peak at medium region. O
igher energy region (37000- 43000 cm-1 ), the prediction is poor. 
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VI. Conclusion 
 
bserved transition is determined by the assumption of molecule has Cs symmetry. 
The observed electronic transition mome directions be  to the g” and “short” 
molecular symmetry axes. This information leads to the conclusion that Emodin still 
remembers the exited states of parent molecule, Chrysazin [15].  
When ch ing f olven A solvent, almost electronic transitions 
have small red shift by 200 – 500 cm cept a st g band 4500 cm-1 don’t 
move anymore. 
The TD- T ca n, B3L -31G+(d,p)//B3LYP 1G(d,p), has a 
good agreement  the a nt of o ed trans s. The in ence of PVA on 
eometry and electronic states of Emodin is modeled by PCM model with reaction 
lso help in the 
The LD UV-VIS spectra of Emodin anion in stretched PVA have been 
ecorded and analysed. The electronic transitions of anion are completely different the 
lectronic transitions of neutral molecule because of redistribution of negative charge. 
he same calculation, TD-DFT B3LYP/6-31G+(d,p)//B3LYP/6-31G(d,p), also 
onfirm the assignment of observed electronic transition. The predicted electronic 
ansitions have very good agreements to experimental results, except the first 
edium peak at 19800 cm-1, the predicted electronic transition moment directions 
gree with observed electronic transition moment directions in low and medium 
nergy regions 
An effort to measure the sample by IR spectroscope is unsuccessful because 
e solute concentration is not high enough. 
The experimental spectra features have some broad bands, made the 
etermination of LD data become difficult, the measurement at low temperature is 
eeded on next work to get sharper bands. 
 
 
 
 
The LD UV-VIS spectra of Emodin in stretched PE and PVA have been 
recorded and analysed. Orientation factor of the observed electronic transition were 
ined through stepwise reduction. The electronic transition moment direction of determ
o
nt long “lon
ang rom PE s t to PV
-1, ex ron at 4
DF lculatio YP/6 /6-3
 to ssignme bserv ition flu
g
field of Ethanol and interhydrogen bond models with one or two Ethanol molecules. 
Combination of the influence of two models gives a good prediction in red shift when 
changing from PE solvent to PVA solvent. The calculation results a
assignment of observed electronic transition moment directions 
In Ethanol and PVA, Emodin establishes an equilibrium between neutral 
molecules and its first deprotonated anions since it is a strong acid. The spectroscopy 
analysis shows that this equilibrium contains about 85% of Emodin and 15% of its 
anion. 
r
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Appendix A1 
 
 
No.
CI Energy Wavenumber f (oscillator 
 strength) 
Relative 
Intensity 
Calculated singlet electronic transitions for Emodin in gas phase model 
 
 Symmetry Initial Orbital expa-> Final Orbital nsion coefficients (eV) (cm
-1) 
68 -> 72 -0.10044 1 strong A' 70 -> 71 0.64604 2.8246 22782 0.2013 
2 0 0 A" 67 -> 71 0.67388 2.9935 24144 
68 -> 71 0.18124 3 6 weak A' 69 -> 71 0.62079 3.2018 25825 0.002
66 -> 71 -0.1144 
68 -> 71 0.63322 4 0.0229 medium A' 3.2672 26352 
69 -> 71 -0.18869 
65 -> 71 0.67285 5 0 0 A" 3.6795 29678 67 -> 72 -0.11678 
66 -> 71 0.6341 6 0.1135 strong A' 4.0173 32401 68 -> 71 0.12121 
7 0.1075 strong A' 70 -> 72 0.65702 4.3987 35479 
69 -> 72 0.66484 8 medium A' 70 -> 73 -0.12527 4.606 37150 0.0239 
65 -> 71 0.13997 9 0 A" 67 -> 72 0.68196 4.8277 38939 0 
68 -> 72 0.6043 
69 -> 73 -0.22006 10 g A' 
70 -> 73 0.19688 
4.8713 39290 0.26 stron
66 -> 72 0.34171 
68 -> 72 -0.1434 
68 -> 74 0.12851 
69 -> 73 0.11126 
11 medium A' 5.0226 40510 0.0531 
70 -> 73 0.54278 
12  A" 65 -> 72 0.68427 5.3343 43024 0 0
63 -> 71 -0.37024 
64 -> 71 0.46704 13 weak A' 
69 -> 73 -0.3089 
5.3407 43076 0.0134 
64 -> 71 0.30634 
66 -> 72 0.10903 
68 -> 72 0.23171 
68 -> 74 -0.18604 
14 A' 
69 -> 73 0.49469 
5.4582 44024 0.27 strong 
63 -> 71 0.41197 
64 -> 71 0.27693 
66 -> 72 -0.36276 
68 -> 73 0.10337 
70 -> 73 0.17837 
15 A' 
70 -> 74 -0.14687 
5.4863 44250 0.0424 medium 
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Appendix A1 (continued) 
 
Calculated singlet electronic transitions for Emodin in gas phase model 
 
 
 
 No. Symmetry Initial Orbital -> Final Orbital 
CI
expansion
coefficients
Energy
(eV) 
Wavenumber 
(cm-1) 
f 
(oscillator 
 strength) 
Relative 
Intensity
63 -> 71 0.32339 
64 -> 71 0.14825 
66 -> 72 0.4269 
68 -> 73 0.11307 
68 -> 74 -0.1099 
69 -> 73 -0.1989 
69 -> 74 -0.1337 
70 -> 73 -0.18281 
16 A' 
70 -> 74 -0.11807 
s5.6008 45173 0.2585 trong 
68 -> 75 -0.11464 
69 -> 75 -0.27935 17 A" 
70 -> 75 0.6295 
5.647 45546 0.0006 weak 
62 -> 71 -0.14175 18 A" 67 -> 73 0.68487 5.6887 45882 0.0002 weak 
63 -> 71 0.15045 
64 -> 71 0.1276 
68 -> 73 -0.43236 
69 -> 74 -0.11513 
19 A' 
70 -> 74 0.46607 
5.737 46273 0.0266 medium 
62 -> 71 0.6725 20 A"  5.8568 47239 0 0 67 -> 73 0.13543
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Appendix A2 
 
T s 
(All MOs are π type, except MO 65 and 67 are σ type) 
 
 
he molecular orbitals (MO) of Emodin participate in electronic transition
  
 
 
MO pe) π=63 (π ty MO=64 (  type) 
   
MO=65 (σ type) MO=66 (π type) 
 
 
 
 
MO=67 (σ type) MO=68 (π type) 
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Appendix A2 (continued) 
 
The molecular orbitals (MO) of Emodin participate in electronic transitions 
(All MOs are π type, except MO 65 and 67 are σ type) 
 
 
 
 
 
 
MO=69 (π type) MO O) =70 (π type, HOM
 
  
MO=71 (π type, LUMO) MO=72 (π type) 
  
 
  
MO=73 (π type) MO=74 (π type) 
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Appendix A3 
 
Calculated electronic transition moment directions 
of Emodin in gas phase model 
 
 
No. x (a.u.) 
y 
(a.u.) 
z 
(a.u.) 
f 
(oscillator
 strength) 
α  
(0) 
1 -1.7023 0.1051 0 0.2013 -4 
2 0 0 -0.0005 0 - 
3 -0.1606 0.0831 0 0.0026 -27 
4 -0.448 -0.2917 0 0.0229 33 
5 0 0 -0.0032 0 - 
6 -0.0147 -1.0736 0 0.1135 89 
7 0.9881 -0.1451 0 0.1075 -8 
8 -0.3822 -0.257 0 0.0239 34 
9 0 0 0.0032 0 - 
10 -1.4759 -0.0073 0 0.26 0.3 
11 0.6348 -0.1693 0 0.0531 -15 
12 0 0 0.0036 0 - 
13 -0.0882 -0.3081 0 0.0134 74 
14 -1.4206 0.0282 0 0.27 -1 
15 -0.2047 -0.5232 0 0.0424 69 
16 1.3686 0.1049 0 0.2585 4 
17 0 0 -0.0633 0.0006 - 
18 0 0 -0.0401 0.0002 - 
19 0.4337 0.0328 0 0.0266 4 
20 0 0 0.0009 0 - 
 
α : the electronic transiti oment directions in standard orientation coordinate  on m
y)Arctang(x/180πα ≡  
 
 
 
y
xz α
Standard orientation coordinate and α angle 
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Appendix B1 
 
Calculated si PCM model 
 
 
No. Symmetry Initial Orbital Final bital 
CI 
cien
Energy
(eV
avenumber 
-1) 
f 
(oscillator 
 strength) 
Relative 
Intensity
nglet electronic transitions for Emodin in Ethanol – 
-> Or expansion coeffi ts ) (cm
W
68 41-> 71 -0.11 5 1 No 70 12 2.7649 22301 0.1785 strong  -> 71 0.641
2 No 66 -> 71 0.6 5 913 24933 0 0 73 9 3.0
67 312  -> 71 -0.10
68 - 34 > 71 0.511
69 -> 71 0. 839 3 3 No 
70 31 
459 74 0.0383 medium 
 -> 71 0.120
3.1 253
68 888 -> 71 -0.404 No 69 27 3.2191 25964 0.0101 weak  -> 71 0.510
65 -> 71 0.6 1371  
66 15  -> 71 0.1105 No 
66 007 
3.7147 29962 0 0 
-> 72 -0.12
67 -> 71 0.6 0137  6 No 68 27 019 71 0.1123 strong  -> 71 0.114 3.9 314
7 No 70 44 4.3731 71 0.1537 strong  -> 72 0.655 352
69 25  -> 72 0.6638 No 70 845 4.6166 37236 0.0244 medium -> 73 -0.10
68 -> 72 0. 661 2 
69 -> 73 -0.1 566 6 9 No 
70 78 
167 50 0.2803 strong 
-> 73 0.182
4.8 388
65 -> 71 0.1 4545  1 No 66 -> 72 0.6825 429 3 68 0 0 0 4.9 98
67 -> 72 0.38724 
68 -> 72 -0.11944 
68 -> 74 0.11963 
69 -> 73 0.11685 
11 No 
70 -> 73 0.5158 
5.037 40626 0.0624 medium 
63 -> 71 -0.37105 
64 -> 71 0.52525 12 No 
69 -> 73 -0.16776 
0.0609 medium 5.2817 42600 
13 No 65 -> 72 0.67921 0 0 5.3905 43478 
63 -> 71 -0.15998 
67 -> 72 0.39383 
68 -> 72 0.17073 
68 -> 73 -0.10529 
68 -> 74 -0.23037 
69 -> 73 0.31303 
70 -> 73 -0.26589 
14 No 
70 -> 74 0.12579 
5.4576 44018 0.0632 medium 
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Appendix B1 (continued) 
 
.   
 
  
 
 
 
Calculated singlet electronic transitions for Emodin in Ethanol – PCM  
 
No Symmetry Initial Orbital-> Final Orbital 
CI
expansion
coefficients
Energy
(eV)
Wavenumber
(cm-1)
f 
(oscillator 
 strength) 
Relative 
Intensity
63 -> 71 0.43247 
64 -> 71 0.35878 15  
 
  m  No
69 -> 73 0.33514 
5.4788 44189 0.0676 edium
63 -> 71  -0.27505
67 -> 72  -0.35907
67 -> 74  -0.12246
68 -> 73  -0.14353
69 -> 73 0.38267 
69 -> 74 0.12918 
16 No 
 
5.5932 45112 0.3738 strong 
70 -> 73 0.16155 
63 -> 71  -0.12909
64 -> 71 -0.1102 
68 -> 73 0.46105 
69 -> 73 0.12192 
17  
  
  No
70 -> 74 -0.43846
5.7268 46189 0.0199 weak 
61 -> 71  -0.24825
62 -> 71 0.55708 18  
  
  No
66 -> 73 0.33027
5.8175 46922 0.0002 weak 
62 -> 71  -0.3595719     No 66 -> 73 0.58093 5.8837 47456 0.0002 weak 
20    0.0002 weak No 70 -> 75 0.68447 5.895 47547
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Appendix B2 
 
Calculated electronic transition moment directions 
of Emodin in Ethanol – PCM model 
 
 
 No (
 
.) 
f
cillato
 strength) 
. x (a.u.) 
y 
a.u
z
.u.) (a
 
r(os α  (0) 
1 -1.6168 0.1 .178 -5 447 0 0 5
2 0.0006 0.0 007 0 9 001 0.0
3 -0.6874 -0.1 001 0.0383 13 568 -0.0
4 0.2 0 0.0101 48 0.2387 659
5 0.0 033 0 86 0.0001 016 0.0
6 -0.0164 -1.0 00 .112 9 839 -0.0 1 0 3 8
7 1.1903 -0.1 0 0.1537 -6 348
8 -0.4129 -0.2 0 0.0244 27 137
9 -1.5409 0.0 002 0.2803 -1 249 -0.0
10 -0.0006 0.0 036 0 -18 002 -0.0
11 0.6906 -0.1 0 0.0624 -14 695
12 -0.6239 -0.2 00 .060 5 852 0.0 1 0 9 2
13 -0.0002 -0.0 037 0 85 023 -0.0
14 -0.4382 0.5 001 0.0632 -50 298 0.0
15 -0.6412 -0.3 001 0.0676 25 036 -0.0
16 -1.6473 -0.1 00 .373 4 195 -0.0 3 0 8
17 -0.3438 0. 002 0.0199 -24 154 0.0
18 -0.0004 36 .000 0 0 0.0 3 0 2
19 0.0001 -0.0 32 .000 79 005 0.0 3 0 2 -
20 -0.001 -0.0 351 0.000 9 052 0.0 2 7
 
α : the electronic transition moment directions in standard orientation coordinate  
y)Arctang(x/180πα ≡  
 
 
 
y
xz α
Standard orientation coordinate and α angle 
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Appendix C1 
 
Calculated s CM model 
 
No. Symmetry Initial Orbital nal O l 
CI 
expansion 
 ien
Energy
(eV
avenumber 
-1) 
f 
(oscillator 
 strength) 
Relative 
Intensity
inglet electronic transitions for Emodin in Toluene-P
 
-> Fi rbita coeffic ts ) (cm
W
68 -> 63 71 -0.100  1 A' 70 - 6 2.8091 22657 0.1958 strong > 71 0.644
2 A" 67 -> 5 146 24315 0   71 0.6739 3.0
68 - 7> 71 0.3009  3 A' 69 -> 9 941 63 0.0078 weak  71 0.571 3.1 257
68 -> 6  71 0.58484 A' 69 - 4 482 99 0.0231 medium > 71 -0.305  3.2 261
65 -> 5  71 0.67275 A" 67 - 9 3.6912 29773 0  > 72 -0.116
66 - 7> 71 0.6352  6 A' 8 - 6 848 40 0.1137 strong 6 > 71 0.1191  3.9 321
7 A' 0 -> 4 4.3958 55 0.1201 strong 7  72 0.6570 354
69 - 2 > 72 0.66528 A' 0 - 89 139 13 0.0251 medium 7 > 73 -0.121  4.6 372
65 - 6 > 71 0.14069 A" 7 - 6 597 97 0  6 > 72 0.6822  4.8 391
68 - 5> 72 0.609  
69 - 03> 73 -0.205  10 A' 
0 - 0.19147 
622 17 0.2686 strong 
7 > 73 
4.8 392
66 -> 8  72 0.3547
68 -> 18 72 -0.136  
68 -> 74 0.12784 
69 -> 73 0.10892 
11 A' 
70 -> 73 0.53667 
5.0311 40579 0.0553 medium 
63 -> 71 -0.38171 
64 -> 71 0.48877 12 A' 
69 -> 73 -0.25466 
0.0237 weak 
13 A" 65 -> 72 0.68347 0  5.3536 43180 
64 -> 71 0.2345 
66 -> 72 0.18463 
68 -> 72 0.22411 
68 -> 74 -0.20646 
69 -> 73 0.50091 
14 A' 
70 -> 73 -0.13795 
0.2078 strong 
 
 
5.4667 44092 
5.33 42990 
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Calculated singlet electronic transitions for Emodin in Toluene-PCM model 
 
 
   
  
No. Symmetry Initial Orbital -> Final Orbital 
CI 
expansion 
 coefficients 
Energy
(eV) 
Wavenumber
(cm-1) 
f 
(oscillator
 strength)
 
Relative 
Intensity
 
63 -> 71 0.41496 
64 -> 71 0.31572 
66 -> 72 -0.33316 
68 -> 73 0.10622 
70 -> 73 0.16665 
15 A' 
70 -> 74 -0.13769 
   5.4838 44230 0.0532 medium
63 -> 71 0.31759 
64 -> 71 0.13563 
66 -> 72 0.41432 
66 -> 74 0.10071 
68 -> 73 0.11233 
69 -> 73 -0.24823 
69 -> 74 -0.13414 
16 A' 
70 -> 73 -0.18321 
5.5979 45151  0.2952 strong 
62 -> 71 0.18848 17 A"  5.7347 46253 0.0002 weak 67 -> 73 0.67318
63 -> 71 0.13832 
64 -> 71 0.11997 
68 -> 73 -0.44459 
69 -> 74 -0.10306 
18 A' 5.7408 46303 0.0223 medium 
70 -> 74 0.46084 
69 -> 75 -0.23317 19 A" 5.7905 46705 0.0005 weak 70 -> 75 0.6443 
62 -> 71 0.65967 20 A" 67 -> 73 -0.18341 5.8581  47248 0 0 
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Calculated electronic transition moment directions 
of Emodin in Toluene – PCM model 
 
z 
u.)
f
scillato
 strength) 
 
No. x (a.u.) 
y 
(a.u.) (a.  (o
 
r α  (0) 
1 68 0 0.1958 -4 -1. 0.11
2 0 0 0 - 0
3 32 0.007 2 -0. 0.01 0 8 -
4 45 0.023 4 -0. -0.3 0 1 3
5 0 0 0 - 0
6 01 0 0.1137 89 -0. -1.08
7 05 0 0.1201 -8 1. -0.14
8 .4 0 0.0251 31 -0 -0.24
9 0 0 0 - 0
10 .5 0.268 0 -1 0 0 6
11 65 0.055 15 0. -0.17 0 3 -
12 .3 0 0.0237 45 -0 -0.3
13 0 0 0 - 0
14 24 0 0.2078 -6 -1. 0.14
15 34 0.053 7 -0. -0.53 0 2 5
16 46 0.295 5 1. 0.12 0 2
17 0 0.04 0.0002 - 0
18 .4 0 0.0223 -3 0 -0.02
19 0 -0.0 0.000 - 0 6 5
20 0 0 0 - 0
 
α : th tronic t omen  in  orien oordine elec ransition m t directions standard tation c ate  
y)/Arctang(x180πα ≡
 
 
 
 
y
xz α
Standard orientation coordinate and α angle 
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Calculated CM model 
No. Symmetry Initial Orbital inal O l 
CI 
expansion 
ien
Energy
(eV
avenumber 
-1) 
f 
(oscillator 
 strength) 
Relative 
Intensity 
 
singlet electronic transitions for Emodin in CCl4 – P
 
 
-> F rbita  coeffic ts ) (cm
W
1 A' 70 -> 46 808 54 0.1969 strong  71 0.64 2. 7 226
2 A" 67 -> 7 0.67395 3.0143 12 0 0 1 243
68 -> 71 0.29204 3 A' 69 -> 7 0.57647 3.1933 25756 0.007 weak 1 
68 -> 7 0.58956 1 4 A' 69 -> 71 -0.2966 3.2491 26206 0.0231 weak 
65 -> 7 7 1 0.6725 A" 67 -> 7 22 3.6911 29771 0 0 2 -0.117
66 -> 71 34  0.6356 A' 68 -> 71 0.11916 3.9856 32146 0.1136 strong 
7 A' 70 -> 72 0.65712 4.3938 38 0.118 strong  354
69 -> 7 2 2 0.6658 A' 70 -> 73 -0.12197 4.6127 37204 0.0257 weak  
65 -> 71 0.14096 9 A" 67 -> 7 2 4.8586 39188 0 0 2 0.682
68 -> 7 9 2 0.608
69 -> 7 -0.20616 3 10 A' 
70 -> 73 0.19214 
4.8635 39226 0.2688 strong 
66 -> 72 41 0.353
68 -> 72 -0.13746 
68 -> 74 0.12775 
69 -> 73 0.10798 
11 A' 5.0294 40565 0.0546 medium 
70 -> 73 0.53752 
63 -> 71 -0.38532 
64 -> 71 0.48425 12 A' 
69 -> 73 -0.2585 
5.3304 42992 0.0228 weak 
13 A" 65 -> 72 0.68348 0 0 5.3532 43176 
64 -> 71 0.24952 
66 -> 72 0.16856 
68 -> 72 0.2236 
68 -> 74 -0.20239 
69 -> 73 0.50388 
14 A' 
70 -> 73 -0.12838 
0.2157 strong 5.4669 44094 
63 -> 71 0.41308 
64 -> 71 0.31012 
66 -> 72 -0.34005 
68 -> 73 0.10652 
70 -> 73 0.17106 
15 A' 
70 -> 74 -0.13924 
5.4824 44218 0.0493 medium 
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Calcu
 
 
lated singlet electronic transitions for Emodin in CCl4 – PCM model 
No. Symmetry Initial Orbital -> Final Orbital 
CI 
expansion 
 coefficients 
Energy
(eV) 
Wavenumber 
(cm-1) 
f 
(oscillator 
 strength) 
Relative 
Intensity
63 -> 71 0.31571 
64 -> 71 0.13776 
66 -> 72 0.41701 
66 -> 74 0.10006 
68 -> 73 0.11057 
69 -> 73 -0.245 
69 -> 74 -0.13375 
16 A' 5.5962 45136 0.2919 strong 
70 -> 73 -0.18419 
62 -> 71 0.19266 17 A" 67 -> 73 0.67203 5.7329 46238 0.0002 weak 
63 -> 71 0.13784 
64 -> 71 0.11968 
68 -> 73 -0.44236 
69 -> 74 -0.10308 
1
0
8 A' 
70 -> 74 .46354 
5.7406 46300 0.022 weak 
69 -> 75 -0.23627 19 A" 70 -> 75 0.64337 5.7962 46751 0.0005 weak 
62 -> 71 0.65865 20 A" 5.8549 47223 0 0 67 -> 73 -0.18753 
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Calculated electronic transition moment directions 
of Emodin in CCl4 – PCM model 
 
 
) u.) scillat strength) 
No. x (a.u.
y 
(a
z 
(a..u.) 
f 
or(o α  (0) 
1 79 0 0.1969 -4 -1.68 0.113
2 0 0 - 0 0.0007
3 73 0 0.0 -4 -0.29 .0209 0 07
4 59 -0 0.02 34 -0.44 .3031 0 31
5 0 0.0031 0 - 0
6 13 -1 0 0.1136 89 -0.01 .0785
7 79 -0 0 0.118 -8 1.03 .1377
8 41 -0 0.02 31 -0. .2439 0 57
9 0 .00 - 0 -0 34 0
10 02 0 0.2688 0 -1.5 0.001
11 36 - 0 0.0546 -15 0.64 0.171
12 02 -0 0.02 46 -0.29 .3007 0 28
13 0 .0036 0 - 0 -0
14 35 0 0 0.2157 -5 -1.26 .1192
15 35 -0 0.04 62 -0.28 .5354 0 93
16 42 0 0.29 5 1.45 .1182 0 19
17 0 .04 0.00 - 0 0 06 02
18 95 -0 0.0 -2 0.3 .0126 0 22
19 0 0 0.0592 0.0005 - 
20 0 0 -0.0009 0 - 
 
α : the electronic transition moment directions in standard orientation coordinate  
y)Arctang(x/180πα ≡  
 
 
 
y
xz α
Standard orientation coordinate and α angle 
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Calcul el (5) 
 
 
No. Symmetry Initial Orbital inal O ital 
CI 
expansion 
cien
Energy
(eV
avenumber 
m-1) 
f 
(oscillator 
 strength) 
Relative 
intensity 
ated singlet electronic transitions for Emodin in mod
-> F rb  coeffi ts ) (c
W
81 - 344> 85 -0.10  1 No 83 16 3 840 0.2177 strong -> 84 0.646 2.8 18 22
2 No 79 -> 84 0.6 11 926 137 0 0 71  2.9 24
81 32 -> 84 -0.1013 No 82 69 974 789 0.0021 weak -> 84 0.639 3.1 25
78 -> 84 -0.1 310 7 
81 43 -> 84 0.6474 No 
82 - 16 
856 500 0.0184 weak 
> 84 0.111
3.2 26
77 -> 54 84 -0.1395 No 80 -> 84 0.6 3 411 562 0 0 83 3 3.5 28
77 -> 07  84 0.658
79 - 11 > 84 -0.102
79 84 -> 85 0.1136 No 
80 -> 84 0.1 8
739 632 0 0 
37 3 
3.6 29  
78 49 -> 84 0.6377 No 81 89 437 615 0.114 strong -> 84 0.107 4.0 32
8 No 83 - 13 981 472 0.0899 strong > 85 0.659 4.3 35
82 -> 85 0.6 9463  9 No 83 -> 35 988 092 0.0198 weak  86 0.126 4.5 37
77 -> 84 -0.1 041 3 
79 -> 85 0.6 073 7 10 No 
80 -> 85 0.10825 
191 870 0 0 4.8 38
81 -> 85 0.60355 
82 -> 86 0.24279 11 No 
83 -> 86 0.15942 
4.9001 39523 0.3201 strong 
78 -> 85 0.33412 
81 -> 85 -0.11799 
81 -> 88 0.13329 12 No 
83 -> 86 0.56134 
0.0386 weak 
79 -> 85 -0.11018 13 No 80 -> 85 0.68747 0.0002 weak 5.0539 40763 
14 No 76 -> 84 0.70582 0 0 5.159 41611 
15 No 77 -> 85 0.68251 0 0 5.3273 42968 
74 -> 84 0.40485 
75 -> 84 -0.3712 16 No 
82 -> 86 -0.38894 
5.3656 43277 0.0164 weak 
 
5.016 40456 
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No. Symmetry -> Final Orbital  coefficients 
y
(eV) 
Wavenumber 
(cm-1) ) Intensity
 
Calculated singlet electronic transitions for Emodin in model (5)  
 
Initial Orbital CI expansion Energ
f 
(oscillator
 strength
Relative 
75 -> 84 0.45531 
81 -> 85 0.1895 
81 -> 88 -0.10885 17  
  
  0.3282 strong No
82 -> 86 -0.41688
5.4673 44098
74 -> 84 0.40934 
75 -> 84 0.17632 
78 -> 85  -0.34724
81 -> 85 -0.14368 
81 -> 88 0.13236 
82 -> 86 0.17445 
83 -> 86 0.17806 
18  
  
  0.0685 m um No
83 -> 88 -0.13867
5.4878 44263 edi
82 -> 87 0.29602 19 No  5.5031 44385 0.0029 weak 83 -> 87 0.62085 
74 -> 84 0.28833 
75 -> 84 0.1894 
78 -> 85 0.45477 
81 -> 88  -0.13612
82 -> 86 0.15354 
82 -> 88 0.11843 
83 -> 86  -0.19863
20 No 
  
5.5925 45106 0.2003 strong 
83 -> 88 -0.10835
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Calculated electronic transition moment directions 
of Emodin in model (5) 
 
o (
 
.) 
f 
ill
ength)
 
N . x (a.u.) 
y 
a.u.) 
z
(a.u (osc str
ator
 
α  
(0) 
1 1.7508 0.2 131 0.2177 -3 436 0.1
2 -0.0032 0.0001 001  -0. 3 0 6
3 -0.0015 -0.1 01 .002 5 627 0.0  0 1 9
4 0.4462 -0.1 349 0.0184 25 678 0.0
5 -0.0025 -0.0 042 0 125 042 0.0
6 -0.0007 -0.0 043 0 115 019 0.0
7 0.1112 -1.0 454 0.114 -91 661 0.0
8 -0.8864 -0.2 532 .089 9 135 -0.0  0 9 -
9 -0.3447 0.2 339 .019 9 368 -0.0  0 8 3
10 0.0041 0.0 036 0 -2 005 0.0
11 1.6237 0.1 004 0.3201 0 42 0.1
12 -0.5292 -0.1 281 0.0386 -15 835 -0.0
13 -0.036 -0.0 025 .000015 0.0  0 2 2 
14 0.0128 -0.0 052 9 087 0.0  0 3
15 0.0045 0.0 013 0 -23 023 -0.0
16 0.2104 0.28 003 0.0164 131 38 0.
17 1.5577 -0.1 054 0.3282 9 117 0.1
18 -0.5266 -0.4 18 .068 8 811 -0.0 6 0 5 -3
19 0.1219 0.0 061 .002 0 548 -0.  0 9 -2
20 -1.2052 -0.0 892 0.2003 3 335 -0.0
 
α : the electronic tra ment n standard orientation coordinate  nsition mo directions i
y)Arctang(x/180πα ≡  
 
 
 
 
 
 
 
 
 
 
Standard orientation coordinate and α angle
α
x
y
z
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Calcul el (6) 
 
 
No. Symmetry Initial Orbital nal O tal 
CI 
expansion 
coefficients
Energy
(eV) 
Wavenumber
-1) 
f 
tor 
th) 
Relative 
Intensity
ated singlet electronic transitions for Emodin in mod
->Fi (oscilla streng(cmrbi  
1 No 83 -> 6 662 11 0.1867 strong  84 0.6473 2.7  223
2 No 80 - 3 58 4 0 0 > 84 0.6728 3.02 2440
79 - 5> 84 0.1152  3 No 81 -  17 1 0.046 weak 3.16 2550> 84 0.65606
4 No 82 -  29 3 0.0035 weak > 84 0.64942 3.20 2583
78 -  > 84 0.67089
80 -  > 84 -0.10715 No 
80 -  
81 29 6 0 0 3.67 66
> 85 0.11864
79 -> 84 0.62887 
81 - 7> 84 -0.1167  6 No 
83 - 2 
09 8 0.1016 strong 3.97 3202
> 85 0.1344
79 - 25> 84 -0.122  7 No 83 - 83 4 0.1701 strong > 85 0.64618 4.36 3523
82 -  > 85 0.659288 No 83 - 4 15 4 0.0085 weak > 86 -0.1362  4.60 3711
81 - 1> 85 0.6206  
82 - 4 > 86 -0.15529 No 
83 - 9
613 2 0.2253 strong 
> 86 -0.1991  
4.7 3840
77 -> 84 0.16944 
78 - 4 > 84 -0.14410 No 
80 -
65 1 0.0001 weak 4.86 3925
> 85 0.66093 
77 -> 84 0.68222 11 weak  No 80 -> 85 -0.16959 4.9087 39591 0.0014 
79 -> 85 0.33423 
81 -> 85 0.13276 
81 -> 88 0.13395 
82 -> 86 -0.13336 
12 No 0.0869 medium 
83 -> 86 0.52805 
5.0284 40556 
75 -> 84 0.25488 
76 -> 84 0.58312 13 No 0.0461 weak 
82 -> 86 0.1724 
5.2568 42400 
14 No 78 -> 85 0.68229 5.3348 43027 0 0  
76 -> 84 -0.10072 
79 -> 85 -0.26735 
81 -> 85 0.19103 
81 -> 88 0.20553 
82 -> 86 0.49824 
15 No 
83 -> 86 0.19226 
5.3876 43454 0.1067 strong 
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Calculated singlet electronic transitions for Emodin model (6) 
 
CI 
No. Symmetry Initial Orbital expansion 
coefficients 
Energy
(eV) 
Wavenumber
(cm-1) 
f 
(oscillator 
 strength) 
Relative 
Intensity->Final Orbital 
75 -> 84 0.20558 
76 -> 84 -0.10084 
79 -> 85 0.11328 
81 -> 86 -0.11099 
82 -> 86 0.13167 
16  No 5.4989 44352 0.0254 weak 
82 -> 87 0.12518 
83 -> 87 0.60454 
75 -> 84 0.41588 
76 -> 84 -0.19235 
79 -> 85 0.25878 
81 -> 86 -0.13184 
82 -> 86 0.17902 
83 -> 87 -0.2978 
17 No 5.5088 44432 0.0538 weak 
83 -> 88 0.17823 
75 -> 84 -0.1495 
79 -> 85 0.34594 
81 -> 86 0.38117 
82 -> 86 0.2046 
83 -> 86 -0.18333 
18 
 
No 
83 -> 88 -0.27024
5.6128 45271 0.1755 strong 
75 -> 84 0.35779 
76 -> 84 -0.15038 
79 -> 85 -0.22985 
81 -> 86 0.29833 
82 -> 86 -0.18938 
82 -> 88 -0.18435 
19 No 5.6631 45677 0.2207 strong 
83 -> 88 -0.29228 
73 -> 84 0.19862 20 No 5.7408 46303 0.0003 weak 80 -> 86 0.66614 
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Calculated electronic transition moment directions 
of Emodin in  model (6) 
 
N  
z 
.u.) scilla strength) 
 
o. x (a.u.)
y 
( (aa.u.) 
f 
tor(o α  (0) 
1 1 0.1867 -8 -1.598 -0.436 0.1027
2 4 -0 .0021 0 -28 0.001 .0001 -0
3 6 -0 .00 0. 28 -0.482 .6012 -0 08 046
4 2 -0 .0294 0.0035 -40 0.200 .0583 -0
5 8 0 0 -98 -0.000 .0028 0.0033
6 8 0 0.1016 -93 -0.351 .9525 0.1138
7 5 .0906 0.1701 -11 1.22 0.284 -0
8 8 0 0.0085 -103 -0.048 .2678 0.0299
9 8 -0 0.2253 -3 -1.296 .4947 0.0706
10 4 0 .00 0.0 5 0.028 .0156 0 16 001
11 3 0 .0026 0.0014 8 0.091 .0554 -0
12 9 -0 0.0698 0.0869 -21 -0.835 .0426
13 8 0 0.0461 28 0.374 .4662 0.0211
14 6 0 -0.005 0 -13 0.002 .0005
15 6 0 0.1067 -24 -0.895 .0089 0.0769
16 6 -0 .06 0.0 29 -0.259 .3415 -0 95 254
17 -0.3465 -0 0.01 0.0 33 .5275 74 538
18 5 0.1755 16 -0.869 -0.721 0.0221
19 2 0 .0778 0.2207 -5 1.196 .3924 -0
20 2 -0 0.0003 -71 0.006 .0068 0.0422
 
α : the electronic tr omen s in standard orientation coordinate  ansition m t direction
y)/  Ar0 ctang(x18π≡
 
 
 
 
 
 
 
 
 
Standard orientation coordinate and 
α
 
α
α
y
 
 xz
α angle 
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Calcul el (7) 
 
No. Symmetry Initial Orbital -> Final O l 
CI 
expansion 
 coefficients 
Energy
(eV) 
Wavenumber 
(cm-1) 
f 
(oscillator 
 strength) 
Relative 
Intensity 
ated singlet electronic transitions for Emodin in mod
rbita
81 -> 65 84 -0.114  1 No 83 - 2 0.1787 strong > 84 0.6432  2.7218 21953 
77 -> 1 84 -0.132 1 
79 - 7> 84 0.576  2 No 
80 -> 2
921 40 0 0 
 84 -0.340  
3.0 249
81 - 6> 84 0.3468  3 No 82 - 8 416 2 39 0.0202 weak > 84 0.5462  3.1 53
81 -> 384 0.5531  4 No 82 - 78 753 10 0.0245 weak > 84 -0.349  3.1 256
79 -  > 84 0.3535 No 80 -> 9 494 15 0.0002 weak  84 0.6054  3.3 270
77 -> 3 84 0.6619  
79 - 1> 84 0.1024  
79 -> 8 85 0.1286  6 No 
80 -> 91
551 80 0 0 
 84 -0.114  
3.6 294
78 - 3> 84 0.6335  7 No 81 - 9 273 76 0.1174 strong > 84 -0.122 8 3.9 316
8 No 83 - 1 49 78 0.1361 strong > 85 0.6532  4.3 350
82 - 4> 85 0.6641  9 No 83 -> 3 842 74 0.0106 weak  86 0.1172  4.5 369
81 -> 7 85 0.6078  
82 -> 86 0.17603 10 No 4.8162 38846 0.2511 strong 
83 -> 86 -0.21588 
76 -> 84 -0.10625 
77 -> 84 0.12563 
79 -> 85 -0.48016 11 No 4.9211 39692 0.0002 weak 
80 -> 85 0.48282 
75 -> 84 0.10215 
78 -> 85 0.33548 
81 -> 85 0.14775 
81 -> 87 0.1272 
82 -> 86 0.11784 
12 No 0.0719 medium 
83 -> 86 0.53375 
5.0098 40407 
76 -> 84 0.60003 
79 -> 85 0.15993 13 No 0.0003 weak 
80 -> 85 0.31548 
5.0145 40445 
76 -> 84 -0.34733 
77 -> 85 0.12592 
79 -> 85 0.44594 14 No 
80 -> 85 0.39043 
4 0.0001 weak 5.0377 0632 
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Calculated singlet electronic transitions for Emodin in model (7) 
No. Symmetry Initial Orbital -> Final Orbital 
CI 
expansion
 coefficients
Energy
(eV)
Wavenumber 
(cm-1) 
f 
(oscillator 
 strength) 
Relative 
Intensity 
74 -> 84 0.31532 
75 -> 84 0.54556 15 
 
No 
82 -> 86 -0.20711
5.252 42360 0.0524 weak 
77 -> 85 0.66557 16  0.0001 weak No 79 -> 85 -0.10959 5.3758 43359 
75 -> 84 0.15202 
78 -> 85 0.22668 
81 -> 85 -0.2156 
81 -> 87 -0.19466 
82 -> 86 0.51595 
17 
 
 No 
83 -> 86 -0.16922
5.4192 43708 0.1501 strong
74 -> 84 0.49143 
75 -> 84 -0.28628 
78 -> 85 0.26305 
81 -> 86 -0.12016 
82 -> 86 -0.11498 
83 -> 86 -0.11739 
18 No 
83 -> 87 0.13784 
5.4672 44096 0.0473 weak 
74 -> 84 -0.27035 
78 -> 85 0.45385 
81 -> 86 0.10934 
81 -> 87 -0.10816 
82 -> 86 -0.2766 
82 -> 87 -0.115 
19 No 
83 -> 86 -0.17512 
5.5952 45128 0.3352 strong 
74 -> 84 -0.15357 
75 -> 84 0.1096 
81 -> 86 -0.45288 20 No 
83 -> 87 0.4537 
5.705 46015 0.0273 weak 
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Calculated electronic transition moment directions 
of Emodin in model (7) 
 
N .) 
f 
(oscillator
 strength) 
α  o. (a.u.) 
x y 
(a.u.) 
z 
(a.u (0) 
1 1 -0. 0407 0.1787 -6 1.417 8182 0.
2 -0.0159 0 002 32 .001 -0. 5 0 -
3 1 -0. 0008 0.0202 5 0.385 3374 0.
4 2 -0. 021 0.024 36 0.169 5349 -0. 9 5
5 1 0. 0142 0.0002 108 0.041 0299 -0.
6 -0.0177 -0. 0035 0 124 0065 0.
7 9 0. 1077 0.1174 91 0.660 8785 0.
8 0.9992 -0.5262 0.043 0.136 -8 4 1
9 6 0 0217 0.0106 -131 -0.028 .305 0.
10 -1.1945 0. 0291 0.2511 -1 8368 -0.
11 -0.038 0.0076 0.0098 0.0002 -25 
12 -0.7247 0. 0324 0.0719 -17 2447 -0.
13 9 0. 0156 0.0003 128 0.041 0122 0.
14 0.0121 -0.0277 0.0066 0.0001 30 
15 8 -0. 019 0.052 29 0.26 5787 -0. 3 4
16 -0.0152 0.0051 -0.0115 0.0001 -17 
17 0.9703 -0.4328 0.0441 0.1501 -12 
18 9 0. 0.0473 64 0.097 5844 0.043
19 -1.1886 1. 0019 0.3352 5 0161 -0.
20 -0.3844 0. 0148 0.0273 -6 2179 -0.
 
α : the tronic tr oment  in  orien oordinate   elec ansition m  directions standard tation c
y)  Arctang(x/180πα ≡
 
 
 
 
 
 
 
y 
x z
Standard orientation coordinate and α angle
α 
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Calcul el (8) 
 
No. Symmetry tial Orbital inal l 
CI 
expansion 
coefficients
Ener
(eV
number 
-1) 
f 
(oscillator 
 strength) 
Relative 
Intensity
ated singlet electronic transitions for Emodin in mod
 
Ini
-> F  Orbita
gy
) 
Wave
(cm
1 No 96 -> 97 0.6433 2.7348 22058 0.1966 strong 
89 01 -> 97 -0.130
91 - 0.57991> 97  2 No 
92 - 6
911 31 0 0 
> 97 -0.321 5 
3.0 249
90 - 0> 98 -0.101 9 3 No 95 24 439 58 0.0045 weak -> 97 0.638  3.1 253
90 - 64> 97 0.115  
93 - 14 > 97 0.501
94 -> 97 -0.40394 
95 9-> 97 -0.119 6 
4 No 
96 - 16 
869 04 0.0334 weak 
> 97 0.107
3.1 257
91 0.2869-> 97 5 
92 - 86> 97 0.577  
93 -> 97 -0.16782 5 No 
94 -> -0.20522 
0.0002 weak 
 97 
3.3687 27170 
91 2-> 97 0.202 9 
92 - 7 > 97 0.19
93 -> 97 1 0.4006 No 
94 4
3.3782 27247 0.0001 weak 
-> 97 0.506 2 
89 1-> 97 0.657 5 
91 -> 98 -0.12893 7 No 3.65 29439 0 0 
92 -> 97 -0.13861 
8 No 90 -> 97 0.63633 3.9528 31882 0.1193 strong 
9 No 96 -> 98 0.65644 4.3519 35101 0.1159 strong 
95 -> 98 0.66499 10 No 0.0087 weak 96 -> 99 -0.11824 4.5745 36896 
93 -> 98 0.45862 
94 -> 98 -0.40278 
95 -> 99 -0.19403 11 No 0.3099 strong 
96 -> 99 0.196 
4.848 39102 
89 -> 97 0.11549 
91 -> 98 0.42804 
92 -> 98 -0.30805 
93 -> 98 -0.29364 
12 No 0.0011 weak 
94 -> 98 -0.33168 
4.902 39538 
91 -> 98 0.27891 
92 -> 98 -0.34194 
93 -> 98 0.33743 13 No 0 0 
94 -> 98 0.41754 
4.9621 40022 
14 No 88 -> 97 0.70278 4.9915 40259 0.0001 weak 
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Appendix H1 (continued) 
 
Calculated singlet electronic transitions for Emodin in model (8) 
 
No. Symmetry Initial Orbital -> Final Orbital 
CI 
expansion 
coefficients
Energy
(eV) 
Wavenumber
(cm-1) 
f 
(oscillator 
 strength) 
Relative 
Intensity 
 
90 -> 98 -0.33073 
93 -> 98 -0.12116 
93 ->100 0.10424 
95 -> 99 0.10468 
15 No 
96 -> 99 0.54819 
5.0063 40380 0.0651 medium 
87 -> 97 -0.41716 
89 -> 98 0.10867 
91 -> 98 0.30185 16 No 
92 -> 98 0.45136 
5.0366 40624 0.0001 weak 
87 -> 97 0.55451 
91 -> 98 0.32049 17 No 
92 -> 98 0.25958 
5.0538 40761 0.0001 weak 
85 -> 97 0.3614 
86 -> 97 0.50767 18 No 
95 -> 99 -0.24603 
5.2815 42599 0.0367 weak 
89 -> 98 0.66419 
91 -> 98 -0.10914 19 No 
92 -> 98 -0.10724 
5.3717 43326 0 0 
86 -> 97 0.2008 
90 -> 98 -0.18514 
93 -> 98 0.18077 
93 ->100 -0.13347 
94 -> 98 -0.13365 
94 ->100 0.10345 
95 -> 99 0.52523 
20 No 
96 -> 99 -0.14064 
5.427 43771 0.2348 strong 
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Appendix H2 
 
Calculated electronic transition moment directions 
of Emodin in model (8) 
N y .u.) 
f 
(oscillator
 strength) 
 
α  o. (a.u.) 
x y 
(a.u.) (a (0) 
1 5 -0. .13 0.1966 -4 1.703 1199 0 17
2 7 0 .0027 0 -99 0.001 .0103 -0
3 2 -0 .02 0.00 -34 0.201 .1332 0 48 45
4 2 0 .0272 0.0334 24 0.595 .2693 0
5 7 -0 .0115 0.00 96 0.004 .0471 -0 02
6 0.0148 -0 .0104 0.00 125 .0211 -0 01
7 2 0 .0034 0 119 -0.009 .0169 0
8 8 -1 .0727 0.1193 91 0.018 .1073 0
9 -1.0303 0.1295 -0.09 0.11 -7 38 59
10 5 0 .0064 0.0087 -118 0.132 .2445 -0
11 2 -0 .1152 0.3099 0 1.611 .0054 0
12 -0.0947 0 .0027 0.0011 -6 .0099 0
13 0.0139 0.009 0.0039 33 0
14 -0.0056 .0009 0.00 101 0.029 0 01
15 -0.7063 0 .0592 0.0651 -13 .1688 -0
16 -0.0166 0 0.0001 -44 .0159 -0.017
17 -0.0086 -0.0269 -0.002 0.0001 -108 
18 0.4382 0. .01 0.03 35 3026 0 22 67
19 9 -0 .0098 0 -14 0.00 .0023 0
20 1.3223 -0.0867 0.0987 0.2348 -4 
 
α : the electronic transition moment directions in standard orientation coordinate  
y)Ar0 ctang(x/18πα ≡
 
 
 
 
 
 
 
 
 
 
α
x 
 orien rdi
y 
z
Standard tation coo nate and α angle
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Appendix I1 
lated singlet electronic transitions 
for Emodin anion in Ethanol PCM model 
 
 
No. Symmetry Initial Orbital ital 
CI 
nsion 
nts
Energy
(eV) 
Wavenumber 
(cm-1) 
f 
(oscillator
 strength) 
Relative 
Calcu
->Final Orb expacoefficie Intensity
1 No 1 2.2055 17789 0.082  70 -> 71 0.6362 medium
2 No  71 1 2.8215 22757 0 0 68 -> 0.6863
69 -> 71 6 0.65853 No 72 15 2.9782 24021  70 -> -0.148 0.0963 medium
64 -> 71 92 -0.173
66 -> 71 66 0.6514 No 
 71 9 
3.2097 25888 0 0 
68 -> 0.1098
65 -> 72 49 0.1025 No  71 4 3 4 3  67 -> 0.649 3.287 2651 0.026 weak
65 -> 71 64 -0.4666 No 70 -> 72 15 3.7312 30095 0.1312 medium 0.469
64 -> 71 51 0.657
66 -> 71 98 0.1917 No 
 72 -0.1173 
3.8144 30765 0 0 
66 ->
65 -> 71 0.44616 
70 -> 72 0.42779 8 No 
 73 7 
4.0424 32604 0.3628 strong 
70 -> -0.183
68 -> 72 0.68443 9 No  74 4 7 0 0 0 68 -> 0.138 4.475 3610
63 -> 71 -0.11292 
67 -> 72 0.18359 
69 -> 72 15 0.58810 No 
73 -0.26969 
4.5378 36601 0.0076 weak 
70 -> 
65 -> 72 8 0.1038
67 -> 72 3 -0.31
69 -> 72 0.30272 
70 -> 73 1 0.4431
11 No 
70 -> 74 -0.22097 
4.683 37771 0.0549 medium 
63 -> 71 -0.10224 
67 -> 72 0.55066 
69 -> 74 -0.11016 12 No 
70 -> 73 0.31467 
4.8132 38821 0.1242 medium 
62 -> 71 0.13084 
63 -> 71 0.5996 
67 -> 72 0.10212 13 No 
70 -> 74 -0.21569 
4.9545 39962 0.0373 weak 
70 -> 75 0.67199 14 No 70 -> 76 -0.18661 5.0062 40378 0.0016 weak 
64 -> 71 0.14258 15 No 66 -> 72 0.67905 5.0611 40821 0 0 
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Appendix I1 (continued) 
Calculated singlet electronic transitions 
for Emodin anion in Ethanol PCM model 
 
 
No. Symmetry Initia>Fin l
I 
ie
Energy
V) 
Wavenumber 
-1) 
f 
(oscillator 
 strength) 
Relative 
Intensity
 
l Orbital 
- al Orbita  coeffic
C
expansion 
nts (e (cm
63 0 -> 71 0.181 4 
65 86 -> 72 0.15  
67 0.10277  -> 73 
69 0.23194  -> 73 
70 8 -> 73 0.154 9 
16 No 
70 -> 74 37
5.1339 41408 0.1566 medium 
0.55  
65 46  -> 72 0.458
67 1 -> 73 0.279 3 
69 2 -> 73 -0.39 69 17 No 
70 63
119 843 0.1155 medium 
 -> 73 -0.11 8 
5.3 42  
64 -0.1072 -> 72  18 No 68 0.6683 525 170 0.0001 weak  -> 73 6 5.3 43
70 07 -> 75 -0.16 6 
70 8 -> 76 -0.37 42 
70 78 -> 77 0.516  19 No 
70 0.20155
696 115 0.001 weak 
 -> 78  
5.4 44
64 0.6651 -> 72 6 20 No 68 - 0.1134 769 174 0 0 > 73 5 5.4 44
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Appendix I2 
 
Calculated electronic transition moment directions 
of Emodin anion in Ethanol PCM model 
 
o z .u.) 
f 
(oscillator
 strength) 
α  N . (a.u.) 
x y 
(a.u.) (a (0) 
1 -1.1419 0. .00 0.0 -24 4627 0 01 82
2  0. .00 3 0.0011 0001 -0 66 0
3  0. 0.09 17 1.0806 3902 0 63
4 0 -0.0002 -0.00 - 37 0
5 -0.5712 0 0001 0.0263 -5 .0294 -0.
6  0. 0.13 18 1.1204 4241 0 12
7 0.0015 -0. .0043 0 -21 0005 -0
8  -0. .00 0.3628 -21 1.813 6138 0 01
9  0.0 .01 0 -33 -0.0005 003 -0 47
10  0 00 0.0076 63 0.108 .2379 0. 02
11  -0. .00 0.0549 -40 0.5473 4232 -0 04
12 0.6851 -0.7641 -0.0002 0.1242 -51 
13  0. .0001 0.0373 43 0.3874 3969 0
14 -0.0005 0. 0.0016 -77 0018 -0.113
15 0.0013 0.0007 0.0068 0 26 
16 1.1116 0.098 0 0.1566 3 
17  0. .0001 0.1155 32 0.7793 5295 0
18  0. .02 0.00 43 0.0023 0023 0 12 01
19 0.0018 0.0005 -0.08 0.0 13 42 01
20  0 -2 -0.0004 0 0.0084
 
α : the ele ic trans ent di  st rientation coordinate  ctron ition mom rections in andard o
y)Arctang(x/180πα ≡  
 
 y
z
α
Standard orien dinate andt ration coo
x 
 α angle
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